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ABSTRACT
Effects of Supplementary Cementitious Materials on Early-Age Tensile Creep and Shrinkage of
Concrete
Lucas Bucklen
Determination of early-age tensile creep properties is critical for the performance of mass
concrete structures at an early age. Due to the stress relaxation that tensile creep induces in concrete
structures, accurate quantification of creep deformation is needed to determine the stress profile of
the structure. Conventional methods of measuring tensile creep include the direct tension test
where the concrete is subject to constant tensile stress. This method requires large quantities of
concrete with embedded strain gauges which can only be used once. In this paper, the tensile creep
parameters of concrete are found by using the restrained concrete ring test. The effect of Class F
fly ash and ground granulated blast furnace slag on the concrete tensile creep properties was
investigated. By measuring the free drying shrinkage properties of concrete using rectangular
prisms, a shrinkage model was created. The main driving force behind concrete shrinkage is the
loss of moisture in the ambient environment. The shrinkage model required the relative humidity
inside of concrete to be known at any given time. To determine the humidity profile of concrete,
experiments were conducted by inserting wireless humidity sensors inside of concrete. By using
Fick’s law, a humidity model was calibrated using the experimental data. ABAQUS was used to
simulate the effects of drying shrinkage and then a stress model was created. Using the modified
double power law and B4 model for tensile creep of concrete, the stress relaxation parameters were
varied until the modeled strains of the inner steel ring matched the experimental data. The results
were compared to the creep compliance measured by dog-bone specimens subject to a constant
tensile load. Results show that the modeled creep parameters obtained from the ring test match
reasonably well with the creep compliance of the dog-bones. Furthermore, the modeled cracking
predictions for the concrete rings match well with the experimental observations.
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Chapter 1 : Introduction
1.1. Overview
Early age shrinkage and creep of concrete are important properties that influence the
serviceability and service life of a structure. If concrete is restrained, either internally or externally,
stresses develop throughout the section. The tensile stresses due to the concrete’s shrinkage can
exceed its low early-age tensile strength. There are several important categories of shrinkage which
include drying shrinkage, autogenous shrinkage, and thermal shrinkage. Shrinkage and creep
directly influence the stress distribution of a restrained concrete stucture. A common way to assess
the cracking susceptibility of concrete is through the restrained concrete ring test (Gao, Zhang, and
Han 2013). The test usually consists of a concrete ring cast around an inner steel ring. Tensile
stresses develop throughout the concrete ring because it is restrained from shrinking (ASTM
International 2018).
A traditional method of measuring tensile creep is the direct tension test. Embedded strain
gages measure the deformation over time and the creep compliance is determined. This method is
expensive and requires large quantities of concrete. The ring test was investigated because the
concrete is continuously under tension throughout the test. By measuring the steel ring
deformation, the creep properties can be back-calculated. This indirect method of measuring creep
is more economical than the traditional methods and multiple specimens can be tested easily. With
the growing popularity of supplementary cementitious materials, tensile creep properties of
concrete mixes containing fly ash or ground granulated blast furnace slag are still largely unknown.
To understand the creep properties of concrete containing supplementary cementitious materials,
the ring test was studied. For comparison, dog-bone specimens were tested under direct tension to
obtain the creep compliance as well.
1.2. Scope and Objective
With the increasing popularity of supplementary cementitious materials such as fly ash and
ground granulated blast furnace slag (hereby referenced as slag), an efficient method to determine
the early-age tensile creep properties is needed. The cracking susceptibility of concrete is
investigated with the ring test. The experimental setup is simple and requires less concrete than
conventional creep testing methods. The purpose of this paper is to propose a method for
determining early-age tensile creep properties of concrete with fly ash and slag by using the
1

restrained concrete ring test. Development of a shrinkage model is needed to accurately predict the
pressure exerted by concrete onto the restraining ring. The relationship between humidity and
shrinkage was investigated by developing a humidity model. Once these models are calibrated, the
tensile creep properties of concrete can be calculated using the measured strains on the restraining
ring.

2

Chapter 2 : Literature Review
2.1. Degree of Hydration
Concrete undergoes hydration reactions as soon as the water and cement are mixed. Degree
of hydration describes the extent of the reactions occurring in concrete. As the cement particles
continue to hydrate, the degree of hydration increases. The main compound that is produced is
calcium silicate hydrate (C-S-H) and the byproduct is calcium hydroxide (CH). The hydration
reaction is exothermic which indicates that heat is released throughout the process. If the chemical
composition of the cement is changed, the amount of heat released will also change (Mindess,
Young, and Darwin 2003).
If supplementary cementitious materials (SCMs) such as fly ash and slag replace a portion
of the cement, the hydration reactions change. CSH and CH are produced as with a 100% Portland
cement mix, but secondary reactions occur with CH. For example, when fly ash is present, the CH
reacts with the additional silica to form more CSH. The replacement of cement using SCMs lowers
the amount of heat released at the beginning of hydration, thus lowering the early-age strength.
However, the long-term strength can surpass that of a mix with only Portland cement (Mindess,
Young, and Darwin 2003).
By using isothermal tests or measuring the adiabatic temperature rise of concrete, the
degree of hydration can be calculated. Using the adiabatic temperature rise at different times, the
degree of hydration is represented by (Gao, Zhang, and Han 2013):
=

( )
(∞)

Eq. 2-1

Where Tad(t) is the adiabatic temperature rise at any given time, Tad(∞) is the ultimate adiabatic
temperature rise, and αu is the ultimate degree of hydration which can be determined from
experiments.
The concept of equivalent age is used to calculate the degree of hydration under varied
temperature history. For a given concrete mix, concrete at the same equivalent age has the same
degree of hydration and mechanical properties, regardless of the time or temperature history. If
samples of the same mix were cured under different temperature histories, the mechanical
properties at a given time would be different. By using equivalent time, the mechanical properties
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of concrete can be estimated under any temperature history. The equivalent age te at a given
reference temperature is calculated by:
=

(

)

Eq. 2-2

Where Uar and Uat are the apparent activation energy (J/mol) at the reference temperature (20oC)
and at actual temperature, respectively. R is the universal gas constant and T is the temperature in
Celsius. The degree of hydration is calculated using equivalent age in the following equation (Pane
and Hansen 2002):

%
∗ exp − $ &'(

=

Eq. 2-3

Where b1 and c1 are constants that can be found by fitting experimental results. Eq. 2-3 is
typically used to model the degree of hydration of concrete mixes containing only Portland
cement. However, the use of supplementary cementitious materials lower the amount of heat
released. This causes the degree of hydration curve to change shape. A new equation was used to
model this behavior and is represented by:

%
%
= ) ∗ exp − $ &'( + ) ∗ exp − $ &'+

Eq. 2-4

Where a1, b1, c1, a2, b2, and c2 are experimentally determined constants. The additional hydration
caused by the reaction of the supplementary cementitious materials is represented by the second
term (Leon, Chen, and Mardmomen 2020).
2.2. Concrete Relative Humidity
2.2.1

Diffusion

The relative humidity inside concrete is governed by the amount of water in the pores after
casting and the moisture diffusion rate. The pore sizes affect the rate of diffusion and this is largely
affected by the water-cementitious ratio. In addition to moisture diffusion, there is a humidity
reduction due to cement hydration. The extent of the humidity reduction due to self-desiccation is
largely dependent on the water-cementitious ratio of the mix. The relative humidity inside the
concrete is 100% after casting because it is saturated. The length of this humidity saturated stage
(Phase I) depends on the mix proportions and depth from drying surfaces. Once the pores reach a
4

critical point where the vapor pressure becomes lower than saturated pressure, the relative
humidity of the concrete decreases. This gradual decrease in relative humidity marks Phase II of
the concrete humidity phases (see Figure 2-1).
Different groups have tried to measure the humidity reduction inside of concrete due to
drying and self-desiccation. Due to difficulties in measuring humidity, there is a wide range of
measured diffusion coefficients. For similar medium strength concrete, the maximum diffusion
coefficient that was determined through experiments has ranged from 0.0096 cm2/hr to 0.081

Relative Humidity (%)

cm2/hr (J. Zhang, Wang, and Yuan 2016) (Kim and Lee 1999) (J. Zhang, Qi, and Huang 2009).

RH=100%
RH<100%
Phase I

Phase II

tc

Time (hours)

Figure 2-1: Humidity Phases of Concrete
The total water lost in the concrete (C) depends on the amount of water that is lost due to
self-desiccation (Cs) and the water that is lost due to moisture diffusion (Cd). If only moisture
diffusion is analyzed, the variation of the water content should depend on (C-Cs), depth from the
drying surface of concrete, and time of exposure to the environment. For the ring, the moisture
diffusion equation should be two-dimensional to account for drying surfaces on the top of the
specimen and along the outer radius of concrete. In this paper, the top surface of the ring is sealed
to prevent moisture loss. The only drying surface is along the circumference. In that case, the
drying becomes one-dimensional along the radius of the concrete ring. Using Fick’s law, the twodimensional drying is governed by:
5
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Eq. 2-5

The moisture diffusion coefficient, D (cm2/hr), is dependent on the humidity of the concrete

pores and is a material parameter of the concrete (Bažant and Najjar 1972) (Akita, Fujiwara, and
Ozaka 1997) (J. Zhang et al. 2011). Because water diffusion and cement hydration are slow
processes in concrete, the water in the pores almost remain in thermodynamic equilibrium. This
means that the water content can be related to the interior relative humidity (H) through the
desorption or sorption isotherms. After considering this effect, the diffusion equation based on
internal relative humidity becomes:
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Eq. 2-6

Where Hs is the humidity reduction due to self-desiccation, kH is the change in humidity due to a
one-degree change in temperature (T) at a constant water content (C) and a fixed degree of
hydration. If the temperature is constant, the effect of the third term should be negligible.
The moisture diffusion coefficient is critical to accurately predict the humidity reduction
in concrete. This parameter captures how fast the concrete begins to lose moisture. Diffusivity,
D(H) is a complex parameter that changes based on the material properties of the concrete, watercementitious ratio, moisture content, and use of supplementary cementitious materials. The range
of diffusivity typically falls between 0.006 cm2/hr and 0.0804 cm2/hr (Bažant and Najjar 1972, Xu
et al. 2009). Bazant and Najjar developed an equation for the moisture diffusion coefficient that
changes based on the interior humidity of the concrete:
1(4) = 17 8
Where:

+

1−
=
1−4 <
1 + :1 − 4 ;
'

Eq. 2-7

Dr = Maximum diffusivity coefficient (cm2/hr)
α0 = Constant (0.05)
Hc = Moisture at the ultimate degree of hydration
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n = Integer constant
A newer diffusion coefficient equation was proposed by Xi et al. (1994) to better simulate the
movement of moisture in concrete. Similar to the other model, the diffusion coefficient is
dependent on the interior humidity of the concrete. This equation was also used by J. Zhang, Wang,
and Yuan (2016) to simulate the moisture transfer inside concrete. The equation is represented by:
1(4) = 1 + 1 >1 − 2

@(AB()

C

Eq. 2-8

Where D1 (cm2/hr), D2 (cm2/hr), and γ are fitting parameters that can be determined from
experiments.
2.2.2

Humidity Reduction due to Self-Desiccation

Self-desiccation occurs because the hydration products require less volume than that
required by water. Thus, the water is consumed while there is still space available in the concrete.
This results in the capillary pores becoming partially empty which leads to a drop in concrete
internal RH. Self-desiccation can be avoided if water is available during curing. Even under proper
curing conditions, some water will evaporate or be lost to the surroundings (such as formwork)
(Mindess, Young, and Darwin 2003).
Zhang et al. proposed a model to account for the moisture reduction due to cement
hydration. A piecewise function is used to account for the humidity saturated phase of concrete (J.
Zhang, Qi, and Huang 2009). Because the water consumption is dependent on the chemical
reactions, the model also depends on the degree of hydration. The proposed equation for the
humidity reduction due to cement hydration is:
0 FGH ≤ '
− ' M
4. = D
& FGH
J1 − 4., L $
− '

Where:

>

'

Eq. 2-9

αc = Critical hydration degree (the point at which the humidity inside the concrete starts to
decrease from 100% and can be determined from experiments)
αu = Ultimate degree of hydration
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Hs,u = Relative humidity considering self-desiccation at the ultimate degree of hydration
β = Experimentally determined constant
2.2.3

Methods for Measuring Concrete RH

The relative humidity inside of concrete has been measured in several ways. In all tests, a
resistance-based or capcitive sensor is placed in the concrete. In the research by Zhou et al., they
placed a capacitive sensor in a plastic cap with a vapor-transmitting sleeve attached on one end.
The fabric transfers vapor but prevents any movement of liquids. In their research, onedimensional drying was investigated and they embedded the plastic caps in the fresh concrete.
Compared to pre-drilling holes in the concrete, this method yielded more consistent results (Zhou
et al. 2011).
Kim and Lee drilled holes in hardened concrete and inserted plastic sleeves to prevent any
moisture loss. Their results showed that lower water-cement ratio mixes have a larger humidity
drop due to self-desiccation. Also, lower water-cement ratio mixes have smaller diffusion
coefficients (Kim and Lee 1999). Similarly, this same behavior was noted by other researchers (J.
Zhang, Wang, and Yuan 2016). Zhang et al. used hollow plastic tubes as molds to insert the
humidity sensors after casting the concrete. During casting, a solid aluminum rod was inserted into
the hollow plastic tube to prevent moisture loss. Once the concrete set, the aluminum rod was
removed and the sensors were inserted. To prevent moisture loss, the tube was sealed at the end
exposed to the environment. After the test, the humidity sensors were calibrated with salt solutions.
Their results show the same trends as Kim and Lee, but the values for the diffusion coefficient are
much smaller (J. Zhang, Wang, and Yuan 2016; Kim and Lee 1999).
2.2.4

Finite Element Model for Humidity

A humidity model using ABAQUS was proposed by Wei, Huang, and Liang (2019) to obtain
the complete humidity profile of the concrete. Since ABAQUS does not have a default moisture
diffusion analysis, the heat transfer analysis was used to simulate humidity conditions. This was
possible since the moisture diffusion and heat transfer equations are nearly identical. A comparison
of the governing equations can be seen below:
Heat Transfer Diffusion Equation:
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Eq. 2-10

Moisture Diffusion Equation:
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Eq. 2-11

Heat Transfer Boundary Condition:
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,
=U
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Eq. 2-12

Moisture Diffusion Boundary Condition:
−1(4)

,4
= FY (4 − 4
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Eq. 2-13

The variables for the heat transfer equation are defined as follows: T is the temperature of

concrete; c is the specific heat of concrete; ρ is the density of concrete; KT(T) is the thermal
conductivity of concrete; ρc

\]^
\_

is the heat of hydration per unit volume of concrete;

\]
\`

is the

temperature gradient in the n direction of the concrete surface; βTemp is the convective film
coefficient.
The variables for the moisture diffusion equation are defined as follows: H is the relative
humidity of the concrete; Hs is the relative humidity due to self-desiccation; D(H) is the moisture
diffusion coefficient of concrete; Henv is the relative humidity of the ambient air;

\a
\`

is the relative

humidity gradient in the n direction of the concrete surface; fh is the surface diffusion coefficient
(or surface drying factor).
2.3. Concrete Shrinkage
2.3.1

Types of Shrinkage

Concrete undergoes two main forms of shrinkage which include autogenous and drying
shrinkage. Factors influencing these two forms of shrinkage include water-cement ratio, use of
supplementary cementitious materials, the interior relative humidity of concrete, and temperature.
If there are temperature changes, thermal expansion effects need to be considered. Chemical

9

shrinkage, plastic shrinkage, and carbonation shrinkage are additional forms of shrinkage but will
not be discussed in-depth (Šahinagić-Isović, Bijedić, and Markovski 2012).
Autogenous shrinkage occurs due to the self-desiccation process. In theory, chemical
shrinkage occurs first because of the reduction in volume of the hydration products. Due to the
internal pores, self-desiccation occurs simultaneously. Thus, the bulk deformation of the concrete
body due to these processes is referred to as autogenous shrinkage. Most of the autogenous
shrinkage occurs in the first few days of hydration, but the use of supplementary cementitious
materials and the water-cementitious ratio can alter this behavior (Jiang et al. 2014) (ŠahinagićIsović, Bijedić, and Markovski 2012).
Drying shrinkage of concrete is a result of water diffusing to the surrounding environment.
The drying shrinkage will vary based on the thickness of the structure, porosity, watercementitious ratio, mix design, temperature, and relative humidity of the environment (ŠahinagićIsović, Bijedić, and Markovski 2012). The use of supplementary cementitious materials will
change the microstructure of the paste, which influences the drying shrinkage.
2.3.2

Methods for Measuring Concrete Shrinkage

Darquennes et al. measured the drying and autogenous shrinkage of mixes with fly ash,
blast-furnace slag, and ordinary Portland cement (OPC). They measured the shrinkage by using
prismatic specimens. The prisms had metal studs on each end and a LVDT was used to record
periodic measurements. From their results, it seems that the OPC mix exhibited the most
autogenous and drying shrinkage. Furthermore, the mix with 50% replacement of cement with
blast-furnace slag had more autogenous and drying shrinkage than the mix containing a 50%
replacement of fly ash (Darquennes et al. 2012). Alternatively, shrinkage can be continuously
measured by mounting LVDTs on each end of a prismatic specimen (J. Zhang, Hou, and Han
2012).
2.3.3

Shrinkage Models

As proposed by Zhang, Dongwei, and Wei (2010), there is a strong linear relationship
between the interior relative humidity of concrete and the shrinkage. However, concrete is
characterized by a humidity saturated phase (i.e. RH=100%) followed by a gradual decrease in
relative humidity. To account for the shrinkage that occurs while the interior relative humidity is
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100%, another factor is introduced. The shrinkage equation proposed by Zhang, Dongwei, and
Wei (2010) is:
b.Y = b + 5(100 − c4) FGH c4 < 100%

Eq. 2-14

where ε0 is the shrinkage that occurs while the humidity inside the concrete is equal to 100%. The
main factor influencing ε0 is the water-cement ratio since it is strongly correlated to the autogenous
shrinkage. In the above equation, k is the shrinkage strain generated by a one-unit humidity
reduction (με/%RH). Thus, if the humidity inside the concrete is known, the free shrinkage strain
can be easily calculated.
Even though this simple relationship may be able to describe the shrinkage, it is only
capable of predicting shrinkage when the relative humidity starts to decrease. J. Zhang, Hou, and
Han (2012) proposed another micromechanical shrinkage model to account for the chemical
shrinkage and drying shrinkage simultaneously. The model was developed for concrete mixtures
with binders consisting of only Portland cement. This model is more useful for the ring test since
autogenous and drying shrinkage are present. The proposed shrinkage equation follows the
humidity phases of concrete and is represented by:
b.Y

fg1 − h1 − (i'. − i'. )k FGH c4 = 1
=D
lmW On c
1
1
j
$ − & ln(c4) FGH c4 < 1
fg1 − h1 − (i'. − i'. )k +
3p
S. S
j

Eq. 2-15

where:

η = Influencing Factor of Stiffness
Vcs = Volumetric Chemical Shrinkage at a given time (m3)
Vcs0 = Volumetric Chemical Shrinkage at the point when interior humidity starts to
decrease from 100% (m3)
S = Saturation Fraction
vp = Pore Structure influencing factor
ρw = Density of water (kg/m3)
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R = Ideal Gas Constant (J/mol/K)
T = Absolute Temperature (K)
M = Molar Weight of Water (kg/mol)
Ks = Bulk Modulus of solid material (MPa)
K = Bulk Modulus of the whole porous body (MPa)
As seen from this equation, the shrinkage at any humidity stage can be calculated. It shares
many similarities with the previous model as shrinkage occurs during both humidity phases. For
the humidity saturated stage, the chemical shrinkage is the driving force. To calculate the chemical
shrinkage, Powers’ volumetric models were used (T. C. Powers and T. L. Brownyard 1946)
(Jensen and Hansen 2001):
i'. = 0.2(1 − t )

Eq. 2-16

where

u
t = u PO
n
P+O
'

Eq. 2-17

where w/c is the water-cement ratio of the mix, ρw is the density of water (kg/m3), and ρc is the
density of cement (kg/m3). The factors influencing the drying shrinkage of the concrete will now
be developed. For the saturation fraction, Powers’ volumetric models were also used. The
saturation fraction is represented by:
l=

i n t − 0.7(1 − t )
=
iW
t − 0.5(1 − t )

Eq. 2-18

where Vew (m3) is the evaporable water content in the cement paste and Vp is the total pore volume
(m3). These equations can only be used if the binder consists of only Portland cement. If
supplementary cementitious materials are used, the development of the microstructure will be
different and these equations do not apply. The pore structure influencing factor, vp, is used to
account for the gradual reduction of drying shrinkage strain as the humidity in the concrete is
reduced. The drying shrinkage increases linearly during the initial stages, but the shrinkage rate is
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reduced after a certain point. If the pore structure parameter is omitted, the modeled strain is much
higher at later ages compared to the experimental data. A typical distribution of the pore structure
parameter varying with internal relative humidity is shown in Figure 2-2. From the research done
by J. Zhang, Hou, and Han (2012), the pore structure influencing factor reduces to a smaller value
at the same internal relative humidity for lower strength concrete compared to higher strength
concrete.

Figure 2-2: Variation of vp with Internal Relative Humidity
Under autogenous shrinkage conditions, there is little effect from excluding vp in the shrinkage
calculations since the humidity reduction due to self-desiccation is small compared to that of the
drying condition. The equation used to calculate vp is:
mW = 1 − exp (−5 U HV )

Eq. 2-19

where k0 is an experimentally determined constant and β1 is a parameter that reflects the influence
of concrete age on pore volume. As such, β1 depends on the degree of hydration of concrete and
is calculated by:
U =)

x( y

Eq. 2-20
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where a0 and λ1 are curve fitting parameters determined from shrinkage experiments. The radius
of meniscus, rm (meters), is determined from:
HV =

2zp
ln (c4)On c

Eq. 2-21

where γ is the surface tension of water and the other variables are the same as those defined in Eq.
2-15. As seen from Eq. 2-21, the pore structure influencing factor, vp, is a function of the humidity
inside the concrete. As the humidity inside the concrete decreases, the radius of meniscus
decreases. Finally, the bulk modulus (MPa) is calculated using the modulus of elasticity (E) and
Poisson’s ratio (ν):
S=

{
3(1 − 2|)

Eq. 2-22

By using these parameters in Eq. 2-15, the shrinkage can be modeled at any given time. In

the shrinkage model used throughout this study, only the pore structure influencing factor, vp, is
adapted from this model (see Section 4.6.1). Clearly, the humidity distribution of the concrete must
be known to accurately model the shrinkage.
Another autogenous shrinkage equation was proposed by Bazant and Wan-Wendner
(2015) as part of the B4 model. The equation is represented by:
•
b ( , ) = b } ~1 + $
+
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Eq. 2-23

Where:

t = Temperature Corrected Age (days)
t0 = Temperature Corrected Age at Exposure (days)
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The variables are as follows: rt, rα, εau,cem, rεa, rεw, and τau,cem are cement-dependent constants and
will change if SCMs are used in the mix; a/c is the aggregate-cement ratio of the mix (by weight);
w/c is the water-cement ratio of the mix (by weight).
2.4. Concrete Creep
2.4.1

Creep Mechanisms

Concrete creep strain is the increase in strain over time after an initial load is applied to a
structure. Compliance is often referenced when dealing with creep. Compliance is the total
amount of strain (creep and elastic) at a given age per unit stress that is caused by a uniaxial
sustained load since the initial loading time (American Concrete Institute and ACI Committee
209 - Creep and Shrinkage 2008).
Creep will be affected by various factors such as characteristics of the binder, amount of
aggregate, aggregate type, type of loading, loading age, load duration, temperature, and
environmental humidity. If the microstructure of the concrete is changed, the creep will change
as well. There are two main forms of creep which include basic creep and drying creep. Basic
creep will occur whenever a concrete structure is under sealed conditions (i.e. no moisture
transfer). Drying creep, often referred to as the Pickett effect, is the additional creep when
concrete is exposed to drying (Atrushi 2003). The mechanism driving creep is still largely
unknown and could be a combination of theories. However, the hydrated cement gel is a
viscoelastic material and basic creep is expressed as a delayed elasticity response. Drying creep
would intensify this behavior since the water molecules can move quickly through the pores
(Rüsch, Jungwirth, and Hilsdorf 1983).
As the water-cement ratio is lowered, the creep is expected to reduce. Lorman showed
that the square of the water-cement ratio is almost proportional to the amount of creep that
occurs (Lorman 1939). Also, the cementitious materials will impact the creep since the hydration
reactions are altered. Depending on the specimen size, the drying creep may be altered. Larger
structures tend to have less drying creep because the drying takes place much slower (Atrushi
2003). Furthermore, Østergaard et al. showed that tensile creep is much higher when a specimen
15

is loaded at 0.67 days versus 1 day. Also, if two different specimens are loaded at the same time,
the specimen with the higher load will exhibit more creep (Østergaard et al. 2001).
2.4.2

Douple Power Law Creep Model

Due to creep, there is additional deformation over time due to constant loading. Using the
double power-law, the effect due to aging and time depends on a power function. The double
power-law describes the creep based on the loading age (t’) and the amount of creep occurring
throughout the loading duration (t-t’). This model is suitable for early age concrete but could
overestimate the amount of creep over long periods. If long-term creep effects are considered, a
new function such as the triple power law should be used. For the research conducted in this study,
all tests were done on early age concrete and the loading age for the concrete ring was one day.
The equation for the double power-law used in this work is represented by (Atrushi 2003):
ˆ( , ‰ ) =
Where:

1
Š1 + ‹ ( ‰ )
{' ( ‰ )

( − ‰ )W Œ

Eq. 2-27

t = Concrete age (days)
t’ = Concrete age at the time of loading (days)
J(t,t’) = Compliance function (ε/MPa)
Ec(t’) = Modulus of Elasticity at loading time (MPa)
φ0, d, and p = Creep model parameters
The compliance function J(t,t’) represents the amount of strain per unit stress of the
concrete. From Eq. 2-27, the effect of the parameter d is negligible when the concrete loading age
is one day. The parameter d can be verified by conducting creep tests with a loading age greater
than one day.
When the concrete is unloaded, part of the strain is recovered instantaneously while part of
the strain recovery is time-dependent. The time-dependent recovery is termed creep recovery. By
modifying the double power law, the unloading effect of concrete is considered. The modification
of the double power-law introduces a difference in the creep parameter φ0. This term is split into
16

two parts: the viscoelastic part (φ0e) and the viscoplastic part (φ0p). By splitting this parameter, the
instantaneous part of strain recovery after unloading is separated from the time-dependent strain
recovery. While the loading is applied to the concrete, the modified double power law is
represented by:
ˆ( , ‰ ) =

1
g1 + (‹
{' ( ‰ )

+ ‹ W )( ‰ )

( − ‰ )W k

Eq. 2-28

Once the load on the concrete is released, the strain recovery is represented by:
ˆ( , ‰ ′) =
Where:

1
Š1 + (‹ )( ‰ ′)
{( ‰‰ )
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Eq. 2-29

t = Concrete age (days)
t’’ = Concrete age at unloading (days)
J(t,t’’) = Compliance function at time t representing strain recovery (ε/MPa)
E(t’’) = Modulus of Elasticity at time of unloading (MPa)
2.4.3

B4 Creep Model

Although the double power law for concrete creep can simulate creep up until cracking, it
has limitations. For instance, there is no instantaneous creep compliance term that simulates a large
amount of creep occurring within the first few hours of loading. Also, it is unable to separate the
basic creep from the drying creep. The B4 model addresses these issues offering a more
sophisticated model for creep. It shares many similarities with the B3 model except improvements
were made regarding autogenous shrinkage. Furthermore, the variation of creep properties with
aggregate types, mix design, and curing were updated.
One of the main benefits of using the B4 model is the separation of creep compliance terms
into different categories. The main creep compliance function is represented by (Bazant and WanWendner 2015):
ˆ( , ‰ ) = Ž + c - ( , ‰ ) + - ( , ‰ ,

)

Eq. 2-30
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Where:
t = Temperature corrected current age (days)
t’ = Temperature corrected age at loading (days)
t0 = Temperature corrected age at exposure (drying) (days)
q1 = Instantaneous Compliance term (με/MPa)
RT = Factor Capturing Temperature Effect
C0(t,t’) = Basic Creep Compliance term (creep with no moisture exchange) (με/MPa)
Cd(t,t’,t0) = Drying Creep Compliance term (με/MPa)
The basic creep compliance term is represented by:
-( ,
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Eq. 2-31

q2, q3, q4 = Empirical Constants
•( ,

‰)

= •“ (

‰)

•“ ( ‰ )
”1 + 0
2
•( , ‰ )

•“ ( ‰ ) = ˜0.086 0
•(
H(

‰)

‰)

=0

‰

1 )3

= 1.7 0

2
‰

7J – L

‰

1 )3

1 )3

.š

2

2 + 1.21 0

—

+8

‰

1 )3

− ‰
ln •1 + 0
2
1 )3
.

7( – )

.

‘

Eq. 2-32

’

2 ™

Eq. 2-33

Eq. 2-34

Eq. 2-35

The empirical constants are calculated by:
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Eq. 2-39

The variables are as follows: p1, p2, p3, p4, p2w, p3a, p3w, p4a, and p4w are cement-dependent
constants; a/c is the aggregate-cement ratio of the mix (by weight); w/c is the water-cement ratio
of the mix (by weight); E28 is the modulus of elasticity of the concrete at 28 days.
To calculate the effects due to drying creep, the following creep compliance function is used:
- ( , ‰ , ) = Žš 〈 /tŠ−tš6 4( , )Œ − /tŠ−tš6 4' (
Where:

′ = max ( ‰ , )

- ( , ‰, ) = 0

if

‰

, )Œ〉

.š

Eq. 2-40

≥ ′ ; otherwise

P5H = Cement-Dependent Constant
4( , ) = 1 − (1 − ℎ) )Tℎ¥

−
•.Y

4( ′ , ) = 1 − (1 − ℎ) )Tℎ¥
Where:

Eq. 2-41

′ −
•.Y

Eq. 2-42

h = Ambient Humidity
τsh = Parameter depending on the specimen geometry and aggregate type
The coefficient for the drying creep compliance, q5, is dependent on the ambient humidity and is
represented by:
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Eq. 2-43

Where p5, p5a, p5w, and p5ε are cement-dependent constants. The influence from the ambient
humidity is represented by the kh term which is calculated by:
5Y = ©

1−ℎ
FGH ℎ ≤ 0.98
12.94(1 − ℎ) − 0.2 FGH 0.98 ≤ ℎ ≤ 1

Eq. 2-44

2.5. Concrete Ring Test
2.5.1

Degree of Restraint

Degree of restraint is an important concept for the ring test. The varying diameters and
thicknesses of the rings have a direct impact on the strains. The degree of restraint determines the
interplay between the amount of free shrinkage the concrete undergoes compared to the amount of
creep/stress relaxation induced by the restraining core. This is especially useful for applying the
ring test to typical field applications of concrete. If concrete is severely restrained in a construction
situation, the ring geometries can be altered to simulate a similar degree of restraint. Higher values
of degree of restraint result in higher cracking risk because there is more resistance to the concrete
shrinkage (Kanavaris et al. 2019). A typical formula to calculate the degree of restraint for the ring
test is:
1c =

¬7' {7'
∗ 100%
¬7' {7' + ¬'V {'V

Eq. 2-45

Where:
DR= Degree of Restraint (%)
Arc= Cross-sectional Area of the Restraining Core (steel is used throughout this paper) (m2)
Erc= Modulus of Elasticity of the Restraining Core (MPa)
Acm= Cross-sectional Area of Cementitious Material (m2)
Ecm= Modulus of Elasticity of Cementitious Material (MPa)
2.5.2

Ring Test Background
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The ring test consists of an outer concrete ring cast around an inner steel ring. The
internal moisture loss causes the concrete to shrink. Larger moisture reductions are generally
associated with higher drying shrinkage. The moisture distribution is complex because of
nonlinear diffusion. The concrete suface exposed to drying can lose moisture fast while the
interior remains at 100% moisture because water diffusion takes place slowly. In large structures,
the outside layers shrink while the interior layers do not. Thus, tensile stresses develop on the
outer surface because the interior layers of concrete restrain the movement (Kwon and Shah
2008). In the ring test, the thickness is sufficiently small so that tensile stresses are present
throughout the section.
Ring tests done by Gau et al. (2013) show that lower water-cement ratio mixes have
higher compressive strains on the steel ring. This indirectly shows how the total shrinkage varies
based on the water-cement ratio. Also, the compressive strain increases until the concrete cracks.
Cracking is represented by a sudden decrease in the strain reading. In their research, tests were
done on thick and thin steel rings while the concrete thickness remained the same. The thin steel
ring showed higher compressive strains throughout the test (Gao, Zhang, and Han 2013).
Radlinska et al. (2008) conducted tests on six rings for a single test. The cracking time varied
even though the concrete was from the same batch. A standard deviation of less than 6 με was
reported for the compressive steel strains at any time throughout the test (Radlinska, Bucher, and
Weiss 2008).
2.6. Early-Age Mechnical Properties of Concrete
2.6.1

Poisson’s Ratio

In the paper by De Schutter and Taerwe (1996), the degree of hydration was used to
describe different mechanical properties of concrete. Poisson's ratio is likely to change as the
hydration reaction evolves, similar to the other mechanical properties of concrete. Furthermore, it
is known that fresh concrete has a Poisson's ratio equal to 0.5 since it can flow freely. Through the
experimental testing done by G. De Schutter, the Poisson's ratio of concrete is described by:
m(H ) = 0.18 sin :

¯H
; + 0.5
2

7°

Eq. 2-46
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Where rd is the degree of reaction. The degree of reaction is calculated by dividing the degree of
hydration at a given time by the maximum possible degree of hydration of the concrete. A typical
evolution of the Poisson's ratio versus the degree of reaction can be seen in Figure 2-3.

Figure 2-3: Variation of Poisson’s Ratio with Hydration
2.6.2

Coefficient of Thermal Expansion

It is reported that the thermal expansion coefficient (CTE) of concrete decreases to a
minimum after setting and may increase with self-desiccation or a change in moisture content
(Maruyama and Lura 2019). For cement pastes containing slag, experiments done by others have
shown similar behavior (Maruyama and Teramoto 2011). A CTE model proposed by T. Zhang
(2005) followed the form:
U = - ∗ exp(−z ∗

)+U

Eq. 2-47

Where βt is the coefficient of thermal expansion (ε/°C), te is the equivalent time (hours), and C1,
γ1, and β0 are constants. This equation shows the gradual decrease in CTE before setting but does
not include the increase after setting due to self-desiccation.
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Chapter 3 : Experimental Data and Procedures
3.1. Experimental Castings and Properties
As part of the WVDOT RP-312 research project, several concrete castings took place to
analyze the effects of fly ash and ground granulated blast furnace slag on the mechanical properties
of concrete. The ASTM testing procedures were followed while preparing the samples for curing
and/or testing. The materials were obtained from Central Supply Company, which is a local
concrete supplier in Morgantown, West Virginia. The materials included large aggregate, sand,
cement, Class F fly ash, ground granulated blast furnace slag, air-entraining admixture, and
superplasticizer.
A total of two main castings were done for mixes containing fly ash. Each of the fly ash
mixes replaced 33% of the required cement content with Class F fly ash (by weight). The first fly
ash casting will be denoted as FA1 and the second fly ash casting will be denoted as FA2. These
two batches of concrete were delivered directly from Central Supply Company. The mix design of
the fly ash batches are in Table 3-1. The water-cementitious ratio was tested to ensure the quality
of the concrete. In addition to these two castings, the experimental fly ash data was compared to
another fly ash batch which will be denoted as Trial FA. The Trial FA batch had a similar measured
water-cementitious ratio as the FA1 casting (w/cm = 0.508). This batch was used to compare to
the FA1 and FA2 batches throughout this study. The measured properties of the fly ash batches
are in Table 3-2. The measured water-cementitious ratio reported in the tables was done using a
revised AASHTO T 318-15 method (Mardmomen, Chen, and Leon 2019).
Table 3-1: Mix Design for Fly Ash Batches
Components

Weight Density

3

340

Fly ash, (lb./yd )

168

Cement, (lb./yd )
3

3

Water, (lb./yd )

233.5

Limestone
3
Aggregate, (lb./yd )

1780

3

1360

Sand, (lb./yd )
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Table 3-2: Comparison of Measured Properties of Fly Ash Batches

Batch

Slump
(in)

Air%

Initial
Temperature
(°F)

Measured
w/cm ratio

FA1
FA2
Trial FA

8.0
6.5
6.5

6.00
4.50
4.75

69.0
66.2
84.8

0.51
0.48
0.51

In addition to the fly ash batches, an in-lab casting was conducted for a mix replacing 50%
of the required cement with slag (by weight). For the in-lab casting, the water-cementitious ratio
was controlled and set at 0.5. The coarse and fine aggregates were oven-dried before casting to
ensure the correct water-cementitious ratio was achieved. The absorption of the coarse and fine
aggregates was measured to be 0.5% and 1.4%, respectively. The total volume of concrete
produced was limited by the size of the mixing drum (3 ft3) because this was an in-lab casting. For
this reason, the direct tensile test using dog-bones was not conducted and the number of cylinders
was limited. The mix design was very similar to that of a previous casting (hereby denoted Slag1).
Thus, the test data of the slag mixes was compared. The mix design of the in-lab slag casting is in
Table 3-3. A comparison of the measured properties between the in-lab slag batch (hereby denoted
Slag-IL) and the Slag1 batch are in Table 3-4.
Table 3-3: Mix Design for Slag-IL

Components

Weight Density
254

3

Cement, (lb./yd )
3

254

Slag, (lb./yd )
3

254

Water, (lb./yd )
Limestone
Aggregate, (lb./yd3)

1795

3

1364

Sand, (lb./yd )
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Table 3-4: Comparison of Measured Properties of Slag Batches

Batch

Slump
(in)

Air%

Slag1
Slag-IL

5.25
9.0

8.00
6.50

Initial
Temperature
(°F)
62.0
N/A

Measured
w/cm ratio
0.51
0.50

In addition to the fly ash and slag concrete batches, an ordinary Portland cement (OPC)
mix was tested for comparison purposes. The data for the OPC casting was collected and analyzed
by Mohammed (2018). The batch used throughout this paper corresponds to OPC3 in his thesis.
The mix design and measured properties of the batch are in Table 3-5 and Table 3-6, respectively.
Table 3-5: Mix Design for OPC

Components

Weight Density

Cement, (lb./yd3)

565

3

Water, (lb./yd )

277

Limestone
3
Aggregate, (lb./yd )

1633

3

1423

Sand, (lb./yd )

Table 3-6: Measured Properties for OPC Batch

Batch

Slump
(in)

Air%

Measured
w/cm ratio

OPC

5.0

7.50

0.50

For all batches, a slump test was done following the ASTM C143 method (ASTM
International 2015). A typical slump test is seen in Figure 3-1. In addition to the slump test, an air
content test was done for each batch. The pressure method as described in ASTM C231 was used
for all fresh concrete samples (ASTM International 2017b). A typical setup of the system is in
Figure 3-2.
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Figure 3-1: Typical Slump Test

Figure 3-2: Typical Air Content Test for Fresh Concrete
3.2. Degree of Hydration
The degree of hydration is an important characteristic that is useful to describe the
mechanical properties of concrete. This parameter describes the extent of the chemical reactions
occurring between the cement, supplementary cementitious materials, and water. Measuring the
adiabatic temperature rise of concrete is useful to determine the degree of hydration. The
temperature rise gives a reasonable estimation of the extent of the chemical reactions taking place.
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The degree of hydration never reaches 100% because every cement particle cannot be fully
hydrated. Using Eq. 2-1 or Eq. 2-4, the amount of heat released is used to describe the degree of
hydration.
To account for varied temperature history, the degree of hydration is a function of
equivalent time. Higher temperatures make the chemical reactions take place faster. Thus, more
heat would be released. The maturity method accounts for varied temperature history. Therefore,
concrete at the same equivalent age has the same mechanical properties and degree of hydration.
The degree of hydration for the concrete mixes is shown in Figure 3-3.

Figure 3-3: Degree of Hydration Versus Equivalent Age
Table 3-7: Degree of Hydration Parameters

FA1
FA2/Trial FA
Slag1/Slag-IL
OPC

a1
0.747
0.331
0.823
0.738

b1
22.58
1959.77
36.86
13.72

c1
0.459
0.182
0.405
0.832

a2
0.165
0.567
0.074
N/A

b2
8.240
9.756
5.709
N/A

c2
2.930
1.237
3.434
N/A

3.3. Internal Humidity Measurements
An I-button humidity/temperature sensor (DS1923 Hygrochron) was used to measure the
internal relative humidity of concrete. The I-button has a resolution of ±0.6% for relative humidity
readings and ±0.5°C for temperature readings. The RH accuracy of the device is listed as ±5%.
27

The device is convenient to use since it is a wireless logger and small in size. However, the data
can only be retrieved once the I-button is connected to a computer after the experiment is
completed.
In these experiments, one-dimensional drying conditions were investigated. A wooden box
with dimensions of 5.5” depth x 6” width x 12” length was utilized. A plastic sheet was placed on
the interior of the box prior to casting so that no water would be absorbed by the wood. Hollow
PVC tubes were inserted through the bottom of the wooden box until the desired depth was
reached. A solid rod was put inside the PVC so that a snug fit was obtained. A typical setup is
shown in Figure 3-4. The solid rods were kept inside the box for 1 day after the concrete was
initially poured. After one day, the solid rods were removed and the I-button was placed on the
end of the rod. The rods were re-inserted into the concrete and the end was sealed with electrical
tape to ensure no moisture would transfer out of the box.

Figure 3-4: Apparatus for Measuring Concrete Relative Humidity
Even though the I-buttons have a lower accuracy compared to other available sensors, they
are still very sensitive to changes in relative humidity. In the research by Shin et al. (2017), they
conducted experiments to validate the RH readings of various I-buttons. Their findings show that
the I-buttons can predict RH in the range of 40-90% very well after individual calibrations are
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applied to the sensors. According to their results, the sensors showed much higher accuracy when
calibrations were applied. In this study, I-buttons were calibrated using two different RH values to
improve the accuracy of the readings. Additionally, the sensors may get saturated initially because
the humidity in early-age concrete is very high (90-100% RH). To prevent this, the sensors were
only placed inside the concrete until the RH reading stabilized. Once the RH value stabilized, the
sensors were taken out until another reading was needed. These procedures were repeated as shown
in Figure 3-5 for two I-buttons. A typical distribution of the calibrated humidity readings using
this method is shown for the slag concrete mix in Figure 3-5. The data points are reduced in Figure
3-6 and Figure 3-7 for clarity.

Figure 3-5: Total RH Distribution for Slag Concrete (w/cm=0.5)
The humidity can be measured at various points from the drying surface. To determine the
moisture diffusion properties of the fly ash and slag batches, separate humidity experiments were
conducted. The mix design followed that listed in Table 3-1 and Table 3-3, but the watercementitious ratio was set to 0.5 because that was closer to the measured value for both the fly ash
and slag batches. The drying surface of the concrete was exposed to the ambient environment after
24 hours. The sensors were placed at ½ inch and 2 inches from the drying surface for both
experiments. The RH results of the fly ash concrete experiment are shown in Figure 3-6 and the
RH results of the slag concrete experiment are shown in Figure 3-7. The humidity inside the
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concrete is initially 100% and gradually decreases as the concrete dries from the outer surface. The
moisture diffusion of concrete takes place slowly and the humidity drops much faster as the depth
from the drying surface decreases. No humidity data is shown for the OPC mix because this testing
method was not developed at the time of the OPC casting.

Figure 3-6: RH Distribution inside Fly Ash Concrete (w/cm=0.5)

Figure 3-7: RH Distribution inside Slag Concrete (w/cm=0.5)
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3.4. Shrinkage Measurements
The ASTM C157 method was followed to measure shrinkage of prismatic specimens
(ASTM International 2017a). The fresh concrete is placed into a mold and a tamping rod is used
to compact the concrete. The dimensions of the prism mold used in these experiments are 3” x 3”
x 11.25”. After one day, the prisms are taken out of their mold and the appropriate drying
conditions are applied. A comparator dial mounted on a vertical stand is used to measure the length
change. A reference bar is used to zero the reading on the dial gauge and then the prisms are
measured. The concrete prisms are cast with screws on each of the ends so that the measurements
can be easily obtained using the comparator. The dial gauge used in the following experiments has
an accuracy of 0.002 mm. The first reading is taken after unmolding to establish a reference length
of each prism. The reference length is used to calculate the length change of the prism when
subsequent readings are taken.
In these experiments, six shrinkage prisms were cast to analyze different drying conditions.
There are three different drying cases that were studied: no-wrap, half-wrapped, and fully wrapped.
The fully wrapped prisms were painted after unmolding and the entire prism was covered with
plastic wrap to ensure no moisture loss. The half-wrapped prisms were painted on the two ends
with the screw and along two of the long sides of the prism. Plastic wrap was applied on these
areas after painting. The no-wrap prisms were only unmolded, and no plastic wrap was applied.
The measuring device and concrete prisms used in the test are shown in Figure 3-8 and Figure 3-9.
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Figure 3-8: Reference Bar and Dial Gauge used in Shrinkage Tests

Figure 3-9: Typical Concrete Shrinkage Prisms
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The half-wrapped and no-wrap prisms determined the drying shrinkage properties of
concrete. Two different drying conditions help verify the drying shrinkage model. The fully
wrapped prisms were beneficial in determining the autogenous shrinkage. This allowed the
autogenous shrinkage parameters to be easily found for each concrete mix.
3.4.1

Shrinkage Results- Fly Ash Batches

As shown in Figure 3-10, Figure 3-11, and Figure 3-12, the shrinkage is very similar
between all the batches. The fully wrapped data is more variable between the different batches and
this could be due to the specimens not being completely sealed in some cases. The drying shrinkage
data during the first three days may not be accurate for the Trial FA batch. The half-wrapped
shrinkage is less than the no wrap shrinkage for FA1 and FA2, but this is not the case for the Trial
FA batch. However, the later age half-wrapped shrinkage compares well with the other fly ash
batches.

Figure 3-10: Average Shrinkage for FA1 Shrinkage Prisms
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Figure 3-11: Average Shrinkage for FA2 Prisms

Figure 3-12: Average Shrinkage for Trial FA Prisms
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3.4.2

Shrinkage Results- Slag Batches

As shown in Figure 3-13 and Figure 3-14, the drying shrinkage distribution is similar
between the two slag batches. Similar to that of the fly ash batches, the fully wrapped shrinkage is
the most variable. Only one fully wrapped prism was used for the Slag-IL batch since the screw
was embedded too far inside one of the prisms to get an accurate reading on the comparator. The
fully-wrapped data may not be accurate since only one prism was tested. Despite the temperature
in the lab room being lower for the Slag1 batch, the drying shrinkage is still very similar between
the two castings.

Figure 3-13: Average Shrinkage for Slag-IL Prisms
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Figure 3-14: Average Shrinkage for Slag1 Prisms
3.4.3

Shrinkage Results- OPC

As seen in Figure 3-15, the drying shrinkage for the OPC mix is higher during the first 5 days
compared to the fly ash or slag mixes. The fully-wrapped shrinkage does not seem accurate as it
was showing expansion instead of shrinkage in the beginning of the test. The fully-wrapped prism
data always seems more variable than the drying shrinkage.
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Figure 3-15: Average Shrinkage for OPC
3.5. Ambient Humidity and Temperature
The concrete ring, shrinkage prisms, and humidity box were exposed to the ambient
environment. The ambient humidity directly affects the shrinkage of the concrete and the stress
distribution. Additionally, variable temperature causes thermal deformations of concrete. During
the FA1, Slag1, and Trial FA castings, an I-button was used to measure the ambient temperature
and humidity. For the FA2 and Slag-IL castings, a wireless thermometer/hygrometer gauge was
used with accuracies of ±3% RH and ±0.54°F.
3.5.1

Ambient Humidity/Temperature for Fly Ash Batches

As shown in Figure 3-16, Figure 3-17, and Figure 3-18, the environmental humidity
oscillates frequently. The temperature spikes seen in the FA1 and Trial FA batches are likely due
to sunlight coming through the window where the humidity/temperature sensor was placed. The
sudden change in temperature seen in the FA2 casting around 7 days was due to a relocation of the
testing specimens. The specimens were moved out of the normal lab room due to a Covid-19
university shutdown, but the tests continued.
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Figure 3-16: Ambient Temperature and Humidity for FA1

Figure 3-17: Ambient Temperature and Humidity for FA2
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Figure 3-18: Ambient Temperature and Humidity for Trial FA
3.5.2

Ambient Humidity/Temperature for Slag Batches

As shown in Figure 3-19 and Figure 3-20, the ambient relative humidity oscillates
frequently as it did for the fly ash batches. The ambient temperature was constant for Slag-IL even
though the humidity changed. The temperature in the room for the Slag1 casting was low compared
to the other castings because the heater in the lab room was broken. This casting took place in
November so the temperatures were lower compared to the other castings.

Figure 3-19: Ambient Temperature and Humidity for Slag-IL
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Figure 3-20: Ambient Temperature and Humidity for Slag1
3.5.3

Ambient Humidity/Temperature for OPC

As shown in Figure 3-21, the ambient relative humidity oscillates frequently as it did for
the other batches. The temperature oscillates quite frequently throughout the test duration as the
lab room did not have proper air conditioning at the time. The temperature is much higher for this
batch since the casting took place over summer.
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Figure 3-21: Ambient Temperature and Humidity for OPC
3.6. Restrained Concrete Ring Test
Restrained concrete ring tests were conducted to measure the cracking susceptibility of the
concrete. The ASTM C1581 procedure was followed for all tests. In the ASTM method, fresh
concrete or mortar is placed into a circular mold surrounding a steel ring. The steel ring must have
a thickness of 0.50 ± 0.05 inches with an outer diameter of 13.0 ± 0.12 inches and a height of 6.0
± 0.25 inches. In the following experiments, the typical measured concrete thickness was about
1.625 inches. Strain gages are evenly spaced at mid-height on the inside of the steel ring and the
compressive strain is measured when concrete is exposed to drying shrinkage. For these tests, 120
ohm strain gages from Micro-Measurments were used. A minimum of two strain gauges must be
used. For these experiments, a total of four strain gages were used on the steel ring. During the
test, a sudden decrease in steel ring strain corresponds to a crack in the concrete (ASTM
International 2018).
In this study, fresh concrete was placed into the mold and the top of the concrete ring was
covered with plastic wrap to prevent any moisture loss. After one day, the outer steel mold was
removed and the concrete was only allowed to dry from the outer circumference. The top of the
concrete ring was painted and covered with plastic wrap to prevent moisture loss. A plastic sheet
was used on the base to ensure no moisture was lost from the bottom surface of the ring. Under
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this drying condition, the shrinkage of concrete will be non-uniform along the radius. To ensure
accuracy, two restrained concrete specimens were tested at the same time. A typical set-up is
shown in Figure 3-22.

Figure 3-22: Restrained Concrete Ring Test
Restrained concrete ring tests were performed for each casting. However, due to strain gage
malfunctions during the Slag-IL and FA1 castings, the data was inaccurate and could not be used.
The strain gages were replaced and were working properly for the subsequent castings.
3.6.1

FA2 Ring Data

Figure 3-23 shows the strain data from FA2 ring 1. At the start of the FA2 ring test, one
of the sensors on ring 2 stopped working so only 3 sensors are shown (see Figure 3-24). The data
is consistent on the second ring, but the sensors on the first ring showed more variability. This
could be caused by differing concrete thickness around the steel ring or friction effects between
the two rings. Also, if more large aggregate is present on one side of the concrete ring, non-uniform
pressure could be applied to the steel ring. Both rings showed a drop in steel strain around 4-4.5
days which means a crack occurred around this time.
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Figure 3-23: FA2 Ring 1- Raw Steel Strains

Figure 3-24: FA2 Ring 2- Raw Steel Strains
3.6.2

Trial FA Ring Data

Similar to that of the FA2 casting, one of the sensors failed on Ring 1 so only 3 sensors are
shown (see Figure 3-25). Compared to the FA2 casting data, this batch showed less strain overall
on the steel ring. Differences in ambient temperature and humidity may have affected the rate of
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drying of the concrete. A crack did not occur in ring 2, but ring 1 showed a crack around 9 days.
It took longer for this fly ash batch to crack compared to FA2 which is reasonable since the
measured strains were smaller at an early age.

Figure 3-25: Trial FA Ring 1- Raw Steel Strains

Figure 3-26: Trial FA Ring 2- Raw Steel Strains
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3.6.3

Slag1 Ring Data

The strain gauges showed consistent readings between the various sensors except for gauge
#4 on ring 1 (see Figure 3-27). This gauge may not have been calibrated correctly as it was reading
higher strains compared to the other sensors. Ring 1 cracked around 10 days while ring 2 cracked
around 5 days. A typical crack in a concrete ring exposed to circumferential drying can be seen in
Figure 3-29.

Figure 3-27: Slag1 Ring 1- Raw Steel Strains

Figure 3-28: Slag1 Ring 2- Raw Steel Strains
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Figure 3-29: Typical Crack of Restrained Concrete Ring due to Circumferential Drying
3.6.4

OPC Ring Data

The strain gauges showed consistent readings between both rings throughout the duration of
the test. The oscillations in the strain gauge readings is due to the ambient temperature changing
frequently. In this test, ring 1 cracked at about 4 days and ring 2 cracked at about 6 days. The ring
1 strain gauge data is shown in Figure 3-30 and ring 2 data is shown in Figure 3-31.
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Figure 3-30: OPC Ring 1- Raw Steel Strains

Figure 3-31: OPC Ring 2- Raw Steel Strains
3.7. Compressive Strength Results
The compressive strength testing of each batch was done using two 4” x 8” cylinders and
two 6” x 12” cylinders. The only exception was for the Slag-IL batch where only 4” x 8” cylinders
were tested up to 14 days due to a limited amount of concrete. However, this mix was compared
to the Slag1 batch which has the same water-cementitious ratio. The cylinders were cured in lime
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water tanks under constant temperature until the test was conducted. To ensure data accuracy, the
ASTM C39 method was used as a standard testing procedure (ASTM International 2020). A
constant loading rate was used until failure of the specimen occurred.
3.7.1

Fly Ash Concrete Compressive Strength Results

As shown in Figure 3-32 and Figure 3-33, the compressive strength of the FA2 batch is
higher than the other fly ash batches. This is likely because the measured water-cementitious ratio
of the FA2 batch was slightly lower compared to the other batches. For most data points, the 4” x
8” cylinders had a higher measured compressive strength than the 6” x 12” cylinders.

Figure 3-32: 4” x 8” Compressive Strength Curves of Fly Ash Batches
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Figure 3-33: 6” x 12” Compressive Strength Curves of Fly Ash Batches
3.7.2

Slag Concrete Compressive Strength Results

As shown in Figure 3-34, the compressive strength development of both slag mixes was
very similar. Due to the limited amount of concrete for the Slag-IL batch, only 4” x 8” cylinders
were tested up until 14 days. Compared to the fly ash data, the slag mix attains a higher
compressive strength by 28 days.

49

Figure 3-34: Compressive Strength Curves of Slag Batches
3.7.3

OPC Concrete Compressive Strength Results

The compressive strength development of the OPC mix is shown in Figure 3-35. This mix
gained compressive strength much faster during the first five days of curing compared to the fly
ash and slag concrete mixes. However, for the slag and fly ash mixes, the increased hydration
because of the supplementary cementitious materials may lead to higher compressive strengths at
later ages.
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Figure 3-35: Compressive Strength of OPC Mix
3.8. Tensile Strength Results
To determine the tensile strength of concrete, the splitting tensile strength test was utilized.
The tensile strength of concrete is much lower than the compressive strength and tensile failure is
ultimately what causes the ring to crack. Thus, tensile strength development is an important
characteristic when modeling the stresses in the concrete ring.
Two 6” x 12” concrete cylinders were tested at various days to measure the tensile strength
of concrete. The only exception is for the Slag-IL batch where two 4” x 8” cylinders were used
instead. For the OPC mix, both 6” x 12” cylinders and 4” x 8” cylinders were tested. The equation
used to calculate the tensile strength is shown in Eq. 3-1. A typical setup of the test is shown in
Figure 3-36.
±

=

2•
¯ ∗ ² ∗ 1V

Eq. 3-1

Where P is the maximum applied load (kips), L is the length of the specimen (inches), and Dm is
the diameter of the specimen (inches).
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Figure 3-36: Splitting Tensile Strength Test for Concrete
As shown in Figure 3-37 and Figure 3-38, the tensile strength of the slag mixes is higher
than the fly ash mixes at the later ages. In Figure 3-39, the tensile strength of the OPC mix is
shown. The OPC mix has higher tensile strength than the slag and fly ash batches throughout the
testing duration. Regarding the fly ash batches, FA2 showed a higher tensile strength than the
others due to the slightly lower water-cementitious ratio. The two slag batches show similar tensile
strength development, but the Slag-IL batch was slightly higher. This may be because 4” x 8”
cylinders were used for Slag-IL instead of 6” x 12” cylinders which were used for Slag1 (V. M.
Malhotra 1970).
3.8.1

Fly Ash Tensile Strength Results
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Figure 3-37: Tensile Strength Curves for Fly Ash Concrete
3.8.2

Slag Concrete Tensile Strength Results

Figure 3-38: Tensile Strength Curves for Slag Concrete
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3.8.3

OPC Concrete Tensile Strength Results

Figure 3-39: Tensile Strength Curves for OPC Concrete
3.9. Modulus of Elasticity
The modulus of elasticity is important for estimating stresses in concrete. As with the other
mechanical properties, it grows with continued hydration. To test the elastic modulus, 6” x 12”
concrete cylinders were loaded up to 35% of the compressive strength at a given time. By using
the stress-strain relationship during loading, the modulus of elasticity was calculated. Using the
ASTM C469 method, the modulus of elasticity for each mix was calculated at various ages (ASTM
International 2014). The elastic modulus test was not conducted on the Slag-IL batch. However,
due to the similarity of compressive and tensile strength between the Slag-IL batch and Slag1
batch, it is reasonable to assume they have similar modulus of elasticity. Figure 3-40 and Figure
3-41 show the development of the elastic modulus over time for the fly ash batches and Slag1
batch, respectively. The modulus of elasticity for the OPC mix is shown in Figure 3-42. Also, the
modulus of elasticity for the OPC mix develops faster during the first day compared to the other
mixes.
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Figure 3-40: Development of the Modulus of Elasticity for Fly Ash Batches

Figure 3-41: Development of the Modulus of Elasticity for Slag1
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Figure 3-42: Development of the Modulus of Elasticity for OPC
3.10. Direct Tensile Creep Test
Even though the ring test provides an indirect method for determining the tensile creep
properties of concrete, the direct tensile creep test helps verify the creep properties. A common
method for this test is using dog-bone specimens loaded at various days. The one-day loading is
of particular interest in this study because that is the same time that the drying shrinkage starts for
the ring specimens.
Three dog-bone specimens were made with a length of 3 feet and a center cross-section of
4” x 4”. Two of the dog-bones were loaded on the first day after casting while one of the dogbones measured the free shrinkage strain. Vibrating wire strain gauges were placed in the center
cross-section of the dog-bones to measure the deformation. After one day of placing the fresh
concrete, the dog-bones were unmolded and painted with a protective sealer to reduce moisture
transfer. Additionally, the dog-bones were put in plastic wrap to ensure there was no moisture
transfer with the ambient environment. A typical experimental setup is shown in Figure 3-43.
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Figure 3-43: Typical Direct Tensile Creep Test using a Dog-Bone
The creep compliance curves are shown in Figure 3-44, Figure 3-45, and Figure 3-46.
Unfortunately, the strain gauge sensors failed for the FA2 casting. Dog-bone specimens were not
created for the Slag-IL casting due to the limited amount of fresh concrete.

Figure 3-44: Creep Compliance of Fly Ash Batches
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Figure 3-45: Creep Compliance Curves for Slag1

Figure 3-46: Creep Compliance for OPC
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Chapter 4 : Analysis of Results
4.1. Overview of Analysis
As mentioned previously, the humidity distribution inside concrete is the main driving
force of shrinkage. By simulating shrinkage, the stress distribution of the concrete ring can be
determined along with the tensile creep properties. The following batches are analyzed to
determine the tensile creep properties: FA2, Trial FA, Slag1, and OPC.
4.2. Tensile Strength Model
The tensile strength of each batch was correlated to the degree of hydration. Modeling the
tensile strength was necessary to compare to the ring tensile stresses. When the tensile stresses
exceed the strength, a crack is expected to occur. Using the degree of hydration parameters
presented in Section 3.2, the tensile strength was plotted versus degree of hydration and the best
fit was obtained. A typical profile of degree of hydration versus tensile strength is shown for the
FA2 batch in Figure 4-1. The tensile strength equation used for each batch is shown in Table 4-1
where “α” is the degree of hydration.

Figure 4-1: Degree of Hydration versus Tensile Strength for FA2
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Table 4-1: Tensile Strength Equations

Batch
FA2
Trial FA
Slag1

Tensile Strength Equation (psi)

3 = 10956

3 = 22160

OPC

− 13633

− 30421

3 = 930.62

y = 1379.7

+ 5886 − 698.42

+ 13890 − 1913.8

+ 170.17

– 1349.0

+ 908.0

4.3. Compressive Strength Model
Young’s modulus of concrete can be calculated using an equation that depends on the
compressive strength of concrete. Thus, a compressive strength equation needs developed to
accurately model the Young’s modulus. Similar to the tensile strength model, compressive strength
can be expressed as a function of degree of hydration. The compressive strength was calculated
for each batch and a typical compressive strength versus degree of hydration curve is shown in
Figure 4-2 (for FA2). The compressive strength equation used for each batch is shown in Table
4-2 where “α” is the degree of hydration.

Figure 4-2: Degree of Hydration versus Compressive Strength for FA2
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Table 4-2: Compressive Strength Equations

Batch

Compressive Strength Equation (psi)

3 = 86246

FA2

3 = 164213

Trial FA

− 97450

− 222807

3 = 5319.5

Slag1

3 = 20675

OPC

+ 40084 − 4772.6

+ 101915 − 14055

+ 10144

− 16758

+ 7.28

+ 7533.8

4.4. Modulus of Elasticity Model
The modulus of elasticity of concrete is necessary to accurately predict the stresses in
concrete. The modulus of elasticity of concrete can be related to its compressive strength with a
simple equation. Using the function for the compressive strength as outlined in Section 4.3, the
equation to calculate the elastic modulus is represented by:
{' (tµ¶) = )V ∗ (F' )·¸

Eq. 4-1

Where am and bm are fitting parameters and fc is the compressive strength of concrete in psi. A
typical fitting curve of the modulus of elasticity is shown for the FA2 batch in Figure 4-3. The
elastic modulus constants for each batch are shown in Table 4-3.

Figure 4-3: Elastic Modulus Model for FA2
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Table 4-3: Constants for Elastic Modulus

Batch

am

bm

FA2

194986.6

2.65

Trial FA

160856.0

2.56

Slag1

141343.6

2.44

For the OPC mix, the modulus of elasticity was modeled by a different function. In this
model, the modulus of elasticity only depends on the degree of hydration (DOH). The equation
used to fit the modulus of elasticity is shown below:
{' (tµ¶) = 57000(6756.1 ∗ 1¹4 − 291.9)

.š

Eq. 4-2

4.5. Humidity Model
4.5.1

Humidity Box Model

Using the experimental humidity data as shown in Section 3.3, the diffusion parameters for
the fly ash concrete and slag concrete were determined. The diffusion model followed the form as
presented in Eq. 2-8. The one-dimensional Crank Nicolson finite difference method was coded
using Matlab to simulate the humidity results of this experiment (Xu et al. 2009). This was possible
because only one-dimensional drying conditions were investigated. The governing equation for
the humidity model is represented by Eq. 2-6. The humidity reduction due to self-desiccation was
assumed using humidity data of other researchers. The humidity reduction due to self-desiccation
followed the form of Eq. 2-9. Once the self-desiccation parameters were assumed, the constants in
Eq. 2-8 were varied until the best fit was obtained. This was achieved using the least square
method. The boundary condition was represented by Eq. 2-13. The surface drying factor, fh, is
assumed as a constant as it should depend on the environmental air flow conditions.
The modeled results of the fly ash experiment are shown in Figure 4-4. The ambient RH
was input into the model at every hour. Using the calibrated parameters, Figure 4-5 shows how the
diffusion coefficient of fly ash concrete changes with the internal relative humidity. Also, the
values for diffusivity and the self-desiccation parameters match reasonably well with those found
in literature (Zhang, Wang, and Yuan 2016, Kim and Lee 1999).
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Figure 4-4: Modeled Humidity of Fly Ash Concrete (w/cm=0.5)

Figure 4-5: Typical Diffusion Coefficient of Fly Ash Concrete (w/cm=0.5)
Using the same procedure as described for the fly ash concrete, a humidity model was
developed for the slag concrete. The modeled results of the slag concrete experiment are shown in
Figure 4-6. Figure 4-7 shows how the diffusion coefficient of slag concrete changes with the
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internal relative humidity. Though there is little available literature on diffusion of slag concrete,
the self-desiccation parameters match well with the data reported by Ekaputri et al. (2009).

Figure 4-6: Modeled Humidity of Slag Concrete (w/cm=0.50)

Figure 4-7: Typical Diffusion Coefficient of Slag Concrete (w/cm=0.50)
The diffusivity parameters had to be assumed for the OPC mix because no experimental
testing was done. Using the experimental humidity data as reported by Kim and Lee (1999), the
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diffusivity parameters and self-desiccation parameters were found. In the study done by Kim and
Lee, only Portland cement was used as the cementitious material for the concrete so the data should
be applicable to the OPC mix described in this study. They tested mixes with three different watercement ratios: 0.28, 0.40, and 0.68. Thus, it is reasonable to assume that the diffusion and selfdesiccation parameters for the OPC mix in this paper are between those for the 0.40 and 0.68
water-cement ratio mixes. Using their experimental humidity data, the humidity model was
calibrated for the mix designs with water-cement ratio equal to 0.40 and 0.68 (see Figure 4-8 and
Figure 4-9). They investigated one-dimensional drying and had sensors placed at 3 cm, 7 cm, and
12 cm from the drying surface. A summary of the diffusion parameters used to match to their
experimental data can be seen in Table 4-4.

Figure 4-8: Modeled Humidity of OPC Concrete (w/cm=0.40)
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Figure 4-9: Modeled Humidity of OPC Concrete (w/cm=0.68)
Table 4-4: OPC Concrete Diffusion Parameters
Batch

Diffusion Parameters:
2

2

D1 (cm /hr) D2 (cm /hr)

γ

OPC Concrete
(w/cm=0.40)

0.012

0.20

8.2

OPC Concrete
(w/cm=0.68)

0.007

0.08

7.5

The diffusivity function that was adopted for OPC with a water-cement ratio of 0.50 is
shown in Figure 4-10. A summary of relevant parameters that were used in the humidity models
is shown in Table 4-5. These parameters are used for the shrinkage/ring models in the following
sections.

66

Figure 4-10: Typical Diffusion Coefficent for OPC Concrete (w/c=0.50)
Table 4-5: Humidity Model Parameters

4.5.2

Finite Element Model for Humidity

Using the method described in Section 2.2.4, ABAQUS built-in heat transfer model was
used to calculate the humidity diffusion equation in order to simulate the drop in relative
humidity of the rectangular concrete box. The mesh size for the model was 0.11 inch and a onehour time increment was used. The heat transfer element was a DC3D8 linear heat transfer solid
brick. No boundary conditions were used except the surface film condition interaction at the
drying surface of the box. As described previously, to simulate moisture transfer instead of heat
transfer, the specific heat and density of concrete was set equal to one in ABAQUS. Also, the
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thermal conductivity defined in ABAQUS was actually used as the moisture diffusivity
coefficient. To account for self-desiccation, the body heat flux loading was used which included
the DFLUX subroutine. The USDFLD subroutine was used to account for the changing
diffusivity. A flowchart of the process is shown in Figure 4-11.

Figure 4-11: Process for the FEM Humidity Model
Additionally, since the box only had one exposed drying surface, the one-dimensional
Crank Nicolson finite difference method (Xu et al. 2009) was used to verify the FEM model. Using
the same humidity parameters in ABAQUS and for the analytical solution, a general case was
conducted. The results of the test are shown in Figure 4-12. Two different locations are shown
where the first location is located one inch from the drying surface in each of the solutions. The
second location is located 0.11 inches below the drying surface. The difference between the onedimensional solution and the ABAQUS solution is very small and the difference decreases as the
depth from the drying surface is increased. This is likely due to slight differences in how the
boundary condition is solved in each of the solutions. Regardless, the max percent difference
between the solutions is only about 0.38%.
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Figure 4-12: ABAQUS Humidity vs. Analytical Solution
4.6. Shrinkage Model
4.6.1

Finite Element Model for Shrinkage Prisms

The shrinkage and internal relative humidity seem to have a linear relationship initially as
shown by Eq. 2-14. However, this trend seems to deviate as the humidity continues to drop inside
the concrete. If a constant shrinkage factor is used, the model may overpredict shrinkage at later
ages. To account for this, the proposed shrinkage model multiplies the shrinkage factor (k) by the
pore structure influencing factor (vp). The pore structure influencing factor is initially equal to one
and starts reducing after a certain humidity level is reached. This should account for the
nonlinearity of the relationship between humidity and shrinkage at lower internal relative humidity
values. Eq. 2-19 is used to calculate vp. The autogenous shrinkage accounts for any shrinkage
occurring while the humidity is equal to 100%. The autogenous shrinkage model follows the form
as presented in Eq. 2-23. The drying shrinkage effects are similar to the equation proposed by J.
Zhang, Dongwei, and Wei (2010). Eq. 4-3 will yield the shrinkage as a negative number.
Combining the effects due to autogenous and drying shrinkage, the shrinkage model used in this
study is represented by:
b.Y = b

} ~1 + $

•
+

y( 7

& € + 5 ∗ mW ∗ (c4 − 100)
69

Eq. 4-3

After calibrating the humidity model for each batch, ABAQUS was used to model the
shrinkage prisms. First, a humidity analysis was done on the shrinkage prisms for each drying
case: no wrap, half-wrapped, and fully wrapped. The shrinkage prisms consisted of 58,750
elements with a mesh size of 0.12 inch. A one-hour timestep was used for both the humidity and
stress analysis. No boundary conditions were specified for the humidity analysis except the surface
film interaction was used at each drying surface. The humidity analysis followed the same process
as described in Section 4.5.2. Once the humidity profile was obtained, a stress analysis simulated
the shrinkage using a user-defined field (USDFLD) subroutine. Because the humidity profile was
actually temperature in ABAQUS, the thermal expansion coefficient was analogous to the variable
“k” in Eq. 4-3. However, the k factor varies as the humidity inside concrete drops so the userdefined field subroutine was used. The autogenous shrinkage effects were simulated using
volumetric swelling because it is a uniform shrinkage across the specimen. Creep was included in
the analysis by using an effective modulus approach. Using this method, the creep compliance
function is calculated and the stresses are called at the beginning of each timestep. The compliance
function and max stress are used to calculate an effective modulus. The effective modulus is
smaller than the actual modulus to account for the increased strains due to creep. No boundary
conditions were used for the stress analysis since the prisms were free to deform. The heat transfer
element used was a DC3D8 linear heat transfer brick and the 3-D stress element was a C3D8R
linear, reduced integration solid brick element. A typical von Mises stress profile of the halfwrapped prism can be seen in Figure 4-13.

Figure 4-13: Typical von Mises Stress Profile of Half-Wrapped Prism
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The temperature in the lab room was not always constant so the effects of thermal
deformations need to be considered. The temperature deformations were input as volumetric
swelling because the temperature field of the prism was actually the humidity field. It is assumed
that the temperature at every point inside the concrete is the same (uniform temperature inside
concrete). This should be a reasonable assumption for the prisms because it is small. However,
this assumption would not be valid for a mass concrete structure. Also, in Eq. 4-3, k and vp were
determined based on the no-wrap and half-wrapped shrinkage data. The autogenous shrinkage
parameters (first term of Eq. 4-3) were found using the fully-wrapped shrinkage data. A typical
flowchart of the stress model is shown in Figure 4-14.

Figure 4-14: Process for the FEM Stress Model
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4.6.2

Coefficient of Thermal Expansion

A constant value of 4.46 x 10-6/°F was used for the coefficient of thermal expansion (CTE)
of fly ash concrete. Similarly, a constant value of 4.73 x 10-6/°F was used for the CTE of OPC
concrete. However, for slag concrete, a variable coefficient of thermal expansion model was used.
A constant CTE seems reasonable for fly ash concrete because it exhibits low values of selfdesiccation. However, slag concrete exhibits more self-desiccation over time. A new form of Eq.
2-47 was utilized to represent the increase in the CTE with self-desiccation:
- ∗ /t(−z ∗ ) + U
FGH <
U =©
- ∗ /t(−z ∗ ) + U + / ∗ ºT ( − 3) FGH

≥

Eq. 4-4

Where x and y are fitting parameters and tt0 is the equivalent time (hours) when the CTE starts to
increase and can be determined from experiments. This equation yields the CTE in units of 106

/°C. Based on the experiments from Maruyama and Teramoto (2011) and testing the CTE of the

Slag1 batch at 28 days, the CTE was assumed to follow a distribution as shown in Figure 4-15.
The parameters that were used are shown in Table 4-6.

Figure 4-15: Variation of CTE for Slag Batches
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Table 4-6: Parameters for CTE Model of Slag Concrete
C1
75

4.6.3

γ1
0.3

β0
7.54

x
0.08

y
98

tt0
99.5

Effect of Prism Self-Weight

To understand the effects of self-weight of the concrete prism on the early age shrinkage
data, the concrete was modeled with a circular hole in the base to simulate the screw supporting
the prism. The prism weight is only supported at the screw location during the shrinkage test. Thus,
the stress concentration may be very high near the screw location. In the FEM model, a screw
diameter of 0.25” with an embedment length of 0.5” was used. The prism was pinned inside of the
screw location and the self-weight of concrete was applied as a body force. Using the modulus of
elasticity for slag concrete at 1 day, the stress analysis showed that the effect of self-weight is
negligible. The self-weight added less than 1 micro-strain to the recorded shrinkage measurement.
The strain along the height of the specimen at a loading of one day is shown in Figure 4-16. The
stress concentration is much higher around the screw. However, the stresses do not exceed the
elastic region and no permanent deformation should occur.

Figure 4-16: Strain Distribution along Height of the Prism due to Self-Weight
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4.6.4

Fully-Wrapped Shrinkage Model

Based on the fully-wrapped shrinkage prism data presented in Section 3.4 and the B4
empirical equations (Eq. 2-24, Eq. 2-25, and Eq. 2-26), the autogenous shrinkage parameters were
calibrated for each batch. In Figure 4-17, the autogenous shrinkage curves of each batch are shown.
The modeled curves also include the shrinkage that results from a humidity drop due to selfdesiccation only. Fly ash concrete has low values of self-desiccation so this effect is negligble.
However, for slag concrete, self-desiccation is not negligible. That is why there is a jump in the
autogenous shrinkage after the critical hydration degree is reached. The Slag-IL batch was
exposed to higher temperatures of curing than the Slag1 batch. Thus, the critical hydration degree
was reached sooner causing the autogenous shrinkage to increase at an earlier time. For the OPC
mix, the hydration occurs much faster. Therefore, the effects of additional shrinkage due to selfdesiccation start happening sooner compared to the slag mixes.

Figure 4-17: Shrinkage Model for Fully-Wrapped Prisms
4.6.5

FA2 Shrinkage Model

The drying shrinkage parameters, k and vp, are now the only parameters that need adjusted
in Eq. 4-3 since the autogenous shrinkage term was calibrated based on the fully-wrapped
shrinkage data. For the data fitting, k0 and λ in Eq. 4-3 were assumed based on the work of J.
Zhang, Hou, and Han (2012) for similar strength concrete. Then, k and a0 were varied until the
best fit was obtained between the modeled result and experimental result for both the half-wrapped
shrinkage data and no wrap shrinkage data.
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As seen from the figures below, the model captures the various shrinkage effects due to
both temperature and humidity variations. There is a jump at 7 days in the predicted shrinkage
because of a sharp temperature decrease at this time. Around 4 days, the humidity sharply
decreases and the model captures the corresponding increase in shrinkage. The half-wrapped
shrinkage prediction doesn’t agree perfectly with the experimental data, but the slopes of the
shrinkage curves are similar which helps verify the model. Experimentally, there may be some
error in the shrinkage measurements for the half-wrapped prism during the first four days (see
Figure 4-18). In the other fly ash concrete half-wrapped shrinkage experiments the strain increases
consistently after the drying is started.

Figure 4-18: FA2 Half-Wrapped Shrinkage Model
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Figure 4-19: FA2 No-Wrap Shrinkage Model
4.6.6

Trial FA Shrinkage Model

Similar to the FA2 shrinkage model, temperature and humidity effects were considered.
The temperature spikes were likely caused by sunlight coming in through the window of the lab
room. In this analysis, the average half-wrapped and no wrap shrinkage data were very similar to
one another for the first five days. In the other shrinkage experiments conducted for fly ash
concrete, the no wrap shrinkage is always higher than the half-wrapped shrinkage. The halfwrapped shrinkage is consistent with the other batches through five days so this data was used to
calibrate the drying shrinkage parameters. However, the modeled slope of the no wrap shrinkage
curve matches very well with one of the prisms from this batch. Experimentally, the no wrap prism
should shrink immediately after it is exposed to the environment. The data point at two days in
Figure 4-21 is likely incorrect since it doesn’t agree well with other experiments.
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Figure 4-20: Trial FA Half Wrapped Shrinkage Model

Figure 4-21: Trial FA No Wrap Shrinkage Model
4.6.7

Slag1 Shrinkage Model

Similar to the shrinkage models described previously, temperature and humidity
oscillations were considered. Due to the infrequent shrinkage measurements, the model was
verified by conducting the shrinkage analysis for the Slag-IL batch.
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Figure 4-22: Slag1 Half Wrapped Shrinkage Model

Figure 4-23: Slag1 No Wrap Shrinkage Model
4.6.8

Slag-IL Shrinkage Model

The Slag-IL batch had more shrinkage data compared to the Slag1 batch. Therefore, the
shrinkage parameters for slag concrete were verified by running the model for this batch. As seen
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from Figure 4-24 and Figure 4-25, the temperature variations were minimal for this batch but the
ambient humidity was variable.

Figure 4-24: Slag-IL Half Wrapped Shrinkage Model

Figure 4-25: Slag-IL No Wrap Shrinkage Model
4.6.9

OPC Shrinkage Model

The shrinkage data points were corrected for temperature deformations before running the
finite element model. This was done because the temperatures were only recorded continuously
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for ten days of the analysis period. Thus, the temperature deformations would not be predicted
accurately after this time in the ABAQUS model. As seen in Figure 4-26 and Figure 4-27, the
shrinkage model accurately predicts the strains for the half-wrapped and no wrap prisms.

Figure 4-26: OPC Half Wrapped Shrinkage Model

Figure 4-27: OPC No Wrap Shrinkage Model
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By using the FEM prism model described above, parameters used in Eq. 4-3 were obtained
when the measured shrinkage data match with the FEM modeled shrinkage. A comparison of the
shrinkage parameters obtained for each batch is shown in Table 4-7. Though the parameters were
calibrated for each batch, they are similar for batches of the same mix design.
Table 4-7: Shrinkage Model Parameters
Parameters for vp
k0
a0
λ1

Batch

k (με/%ΔRH)

FA2

12.0

45.0

0.0014

Trial FA

14.0

41.0

Slag1

16.5

Slag-IL
OPC

4.7.

εauꚙ

τau

α1

rt

3.40

-3.50E-05

0.80

1.58

-4.5

0.0011

3.40

-6.00E-05

1.21

1.68

-4.5

40.0

0.00125

3.10

-6.00E-05

0.40

1.60

-4.5

17.5

40.0

0.00125

3.10

-6.00E-05

0.40

1.60

-4.5

18.5

42.0

0.00122

3.10

-5.00E-05

1.13

2.50

-4.5

Ring Model
4.7.1

Analytical Solution for Ring Pressure

The pressure caused by concrete shrinkage will result in stresses on the inner steel ring.

The measurable strains on the inner steel ring (b» ) can be related to this interfacial compressive
stress by using an elasticity approach:
H
{ b»
Ž = − ~1 − ( ) €
H
2

Eq. 4-5

where:
q= Interfacial Compressive Stress (MPa)
r1= Inner Radius of the Steel Ring (mm)
r2= Outer Radius of the Steel Ring (mm)
E2= Modulus of Elasticity of Steel (MPa)
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εθ= Circumferential Strain (mm/mm)
To determine the effects of early age tensile creep, a model used to calculate the interfacial
compressive stress was created. By including the shrinkage without creep, the model will
overestimate the stresses in the concrete. Thus, if the shrinkage of concrete is modeled, the creep
properties can be back-calculated using the experimental strain gauge data. In the following
section, the interfacial compressive stress between the concrete and the steel ring will be derived.
This is based on the effect of the rings undergoing internal and external surface pressure. The
derivation was followed using the paper “Determination of stress relaxation parameters of concrete
in tension at early-age by ring test” (Gao, Zhang, and Han 2013). First, assume a general case of
one ring subjected to an internal pressure of q1 and external pressure of q2. Using an elastic
modulus of E (MPa), Poisson’s ratio of µ, the inner radius of a (mm), and outer radius of b (mm),
the material will undergo shrinkage strain of εsh. By using circumferential and radial stress
components the stresses are as follows:
¼7 =

¼» =

{
Šb + ½b» − (1 + ½)b.Y Œ
1−½ 7

Eq. 4-6

{
Šb + ½b7 − (1 + ½)b.Y Œ
1−½ »

Eq. 4-7

By meeting equilibrium conditions, the following equation must be satisfied:
¼7 ¼7 − ¼»
+
=0
H
H

Eq. 4-8

By taking u as the radial displacement:
b7 =

¾
¾
, b» =
H
H

Eq. 4-9

By using Eq. 4-6, Eq. 4-7, and Eq. 4-9 in Eq. 4-8, the following expression is obtained:
>

7 7 7

(H¾)C = (1 + ½)

b
7 .Y

Eq. 4-10

By integrating Eq. 4-10:
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¾(7) = (1 + ½)

1
H

7

b.Y H H +

H+
2
H

Eq. 4-11

Where C1 and C2 can be determined from the boundary conditions. From Eq. 4-11, Eq. 4-9, Eq.
4-7, and Eq. 4-6, the expressions for radial and circumferential stress become:
¼7 = −
¼» =

{
H

{
H

7
7

b.Y H H +

{{- 1
−
2(1 − ½) 1 + ½ H

b.Y H H − {b.Y +

{{- 1
+
2(1 − ½) 1 + ½ H

Eq. 4-12

Eq. 4-13

Using the boundary condition of σr=q1 at r=a and σr= q2 at r=b, we obtain:
2(1 − ½)
1
- =
(% Ž − ) Ž + {
{
% −)
- =

1+½ ) %
{
(Ž − Ž +
{ % −)
%

·

·

b.Y H H)

b.Y H H)

Eq. 4-14

Eq. 4-15

Now that there is a general stress equation for a single ring, the equations will be applied

to the concrete and steel rings. Looking at the concrete ring, the external pressure q2=0 and let q1
= -q. Looking at the steel ring, the internal pressure q1=0, q2 = -q, and εsh=0 since the steel does
not undergo shrinkage. The interfacial compressive stress is represented by a single pressure q.
Also, the radial displacement at the interface of concrete and steel should be equal when analyzing
the concrete and steel rings separately. Using these conditions, the constants for the concrete ring
become:
-
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Eq. 4-16

Eq. 4-17

The constants for the steel ring become:
-

=−
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Eq. 4-18
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Eq. 4-19

Where E1 (MPa) and µ1 are the Young’s modulus and Poisson’s ratio for concrete and E2 (MPa)
and µ2 are the material properties for steel. Also, r1 is the inner radius of steel (mm), r2 is the outer
radius of steel (mm), and r3 is the outer radius of concrete (mm). A diagram of the rings is shown
in Figure 4-28. Using these constants, the interfacial stress q becomes:
7j
2
¿7+ b.Y H H
H −H
Ž=
1 (1 − ½ )H + (1 + ½ )H
1 (1 − ½ )H + (1 + ½ )H
+{
{
H −H
H −H

−

Eq. 4-20

Figure 4-28: Pressures acting on Concrete and Steel Rings
As seen from Eq. 4-20, the amount of interfacial stress generated depends on the amount
of shrinkage strain from the concrete. Now that the interfacial compressive stress can be calculated,
the radial and circumferential stress distribution in the concrete and steel rings can be calculated
by using Eq. 4-20 in Eq. 4-12 and Eq. 4-13. Because the concrete is restrained from shrinking by
the steel ring, the concrete is in tension as soon as shrinkage begins. Due to autogenous shrinkage,
the concrete will shrink at very early ages and drying shrinkage will contribute to the tensile forces
whenever the concrete ring is exposed to the ambient environment. Due to tensile forces
developing, the concrete will undergo tensile creep. The tensile creep strain counteracts the
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shrinkage strain leading to a stress relief phenomenon. Since the tensile creep strain reduces the
overall strain in the concrete, an elastic shrinkage strain εsh-e is described by:
b.Y ( ) = b.Y ( ) − b'7

W(

, )

Eq. 4-21

Where t and t0 represent the loading at a given time and the load start time, respectively. The creep
strain is calculated based on the loading period of (t-t0) since it depends on the load start time. A
creep coefficient factor ϕ is used to relate the creep strain to the elastic shrinkage strain which is
represented by the equation:
‹( ,

)=

b'7 W ( , )
b.Y ( , )

Eq. 4-22

Since the creep is a function of loading time and loading start time, ϕ also depends on those
parameters. This function is modeled by the following equation (Bažant and Panula 1978):
‹( ,

)=‹

( −

)W

Eq. 4-23

where ϕ1, d, and p are material parameters and are determined from experiments. By using Eq.
4-22 in Eq. 4-21, the elastic shrinkage strain becomes:
b.Y ( ) = b.Y ( ) ~

1
€
1 + ‹( , )

Eq. 4-24

Including the elastic shrinkage strain in Eq. 4-20, the interfacial compressive stress after
accounting for creep effects becomes:

7
2
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~
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H − H 1 + ‹( , ) +
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H −H
H −H

−

Eq. 4-25

Because Eq. 4-23 should always be a positive number, the interfacial compressive stress

including creep effects should be smaller compared to the stress without creep. However, this
expression for interfacial stress only accounts for constant loading. Because shrinkage strain varies
with time, a new expression must account for varied loading history. By discretizing the shrinkage
strains into time steps, a summation accounts for different loadings over time. This method to
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predict the stress relaxation under varied loading was proposed by Zhu (1999). The expression for
elastic shrinkage strain becomes:
b.Y ( , À ) = b.Y

<

1
1
( )~
€ + Á ∆b.Y À ( À ) ~
€
1 + ‹( , )
1 + ‹( , À )
ÀÃ

Eq. 4-26

Where εsh-0 is the initial strain at time t0 and εsh-t is the shrinkage strain at a time interval of (t-t0).
Eq. 4-26 can predict the shrinkage strain at any time ti where:
À

< À

=

+ Á∆
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À

Eq. 4-27

However, if the concrete undergoes varied temperature history, the equivalent time should be used
to account for different concrete maturity. By replacing εsh with εsh-i in Eq. 4-25, the interfacial
compressive stress can be calculated under varied loading history. Also, since the shrinkage should
equal zero at time t0 for the concrete ring, εsh-0 should equal zero. Including the effect of varied
loading history into the calculation, the final interfacial compressive stress is represented by:
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Eq. 4-28

By comparing this interfacial compressive stress to that of the ring experiment (using Eq.

4-5), the tensile creep properties of concrete can be back-calculated. This is done by varying the
ϕ1, d, and p terms as shown in Eq. 4-23. Once the difference between the modeled values and
experimental values are brought to a minimum, the proper creep parameters have been found.
4.7.2

Effects of Thermal Strains

Before a stress analysis was conducted, the effects of temperature deformations on the ring
test needed to be understood. Using the linear elasticity approach as described by Gao, Zhang, and
Han (2013), they provided a solution to find the pressure on the steel ring caused by nonuniform
concrete shrinkage (see Eq. 4-20). This approach can be used to account for the additional pressure
on the steel ring caused by temperature deformations as well. The temperature strain, εtemp, is
represented by:
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b

VW
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− U )∆

Eq. 4-29

Where αs is the coefficient of thermal expansion of steel (ε/°C), βt is the coefficient of thermal
expansion of concrete (ε/°C), and ΔT is the temperature change (°C). However, assuming the
temperature is constant throughout the thickness of concrete, the numerator in Eq. 4-20 can be
simplified resulting in:
Ž=

−b VW
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Eq. 4-30

The relationship between the interfacial compressive stress, q, and the steel ring strain, εθ, is
represented by:

H
{ b»
Ž = − ~1 − ( ) €
H
2

Eq. 4-5

By substituting Eq. 4-5 and Eq. 4-29 into Eq. 4-30 and solving for steel ring strain, the final form
of the equation becomes:
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Eq. 4-31

Using Eq. 4-31, the effects of additional pressure on the steel ring caused by differences in
material properties between the concrete and the steel can be obtained. To obtain the full solution
for strains on the steel ring caused by temperature, Eq. 4-31 should be added to the free thermal
strains of steel. The FEM model for thermal strains between the rings was verified using this linear
elasticity solution and the results are shown in Figure 4-29. A fake temperature field was used to
see the effects of strain on the steel ring and the linear elasticity solution perfectly matches the
ABAQUS result. Eq. 4-31 yields compressive strains on the steel ring for a temperature increase.
This occurs because the coefficient of thermal expansion of steel is higher than that of concrete.
Thus, the steel cannot expand as much as it would if there was no outer concrete ring present.

87

Figure 4-29: Thermal Strain Verification
4.7.3

Finite Element Model for the Ring Test

In order to accurately predict the stresses in concrete, creep must be considered. If creep is
excluded from the analysis, the interfacial compressive stress on the ring will be overestimated.
Using the calibrated shrinkage model properties as found in Section 4.6 and the calibrated humidity
model, the experimental steel ring strains can estimate how much creep occurs at an early-age. In
this study, the creep coefficients were varied until there was a reasonable match between the
modeled steel ring strains and the experimental strains. This was achieved by using the least square
method. Both the modified double power law and B4 model for concrete creep were used. For the
B4 model, there are many parameters involved. Thus, q1 was calculated directly using the B4
empirical equation as shown in Eq. 2-36. Also, q5 was assumed at the beginning of the analysis
for most cases. The other empirical constants were varied until the best fit was obtained.
Using ABAQUS software, the ring model was developed using axisymmetric elements.
The calibrated humidity and shrinkage parameters developed in the previous sections were used
to analyze each ring case. General parameters that were used throughout the analysis are shown in
Table 4-8. Poisson’s ratio of concrete was input as a constant. The constant value was the average
over the analysis period using Eq. 2-46.
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Table 4-8: Parameters Used in Ring Analysis
Inner Radius of
Steel (in.)
Outer Radius of
Steel (in.)
Outer Radius of
Concrete (in.)
Height of Ring (in.)

5.875
6.375
8.0
6.0

Mesh Size (in.)
0.09
Poisson's Ratio of
0.3
Steel
Modulus of
Elasticity of Steel 2.90E+07
(psi)

A concrete ring was constructed first to simulate the moisture diffusion of concrete. The
element type used in the analysis was a DCAX8 axisymmetric heat transfer quadrilateral and a
one-hour timestep was used. The humidity model followed the same procedure as defined in
Section 4.5.2. Once the humidity of the concrete was simulated, the steel ring was added to the
model and a stress analysis was performed. The element type used in the stress analysis was a
CAX8 biquadratic axisymmetric quadrilateral and a one-hour timestep was used. The shrinkage
and creep effects were input using a user-defined field subroutine as described in Section 4.6.1.
Similar to the shrinkage prism model, the temperature deformations were input via volumetric
swelling. The boundary condition varied depending on each test and is described more in the
following sections. The general contact interaction defined the behavior between concrete and
steel. Depending on the test, either rough friction or frictionless contact was defined in the
tangential direction. In the normal direction, hard contact was specified. The rough friction
interaction is equivalent to the tied constraint in ABAQUS. When frictionless contact is used, the
rings must have an additional boundary condition. The two nodes at the interface of concrete and
steel at mid-height of the rings were specified to have zero displacement along the height of the
ring. A typical strain profile in the circumferential direction can be seen in Figure 4-30. In this
figure, axisymmetric elements were used, but a 3-dimensional viewing option was selected.
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Figure 4-30: Typical Strain Profile of the Ring Model
4.7.4

Model Verification

To verify the results of the ring model from ABAQUS, the analytical solution for the ring
as described in Section 4.7.1 was used for comparison purposes. Using the same model parameters
for ABAQUS and the analytical solution, the steel strains were investigated for both solutions. The
results of the analysis can be seen in Figure 4-31. The strains are very consistent between the
analytical solution and the finite element model. The way the boundary condition is solved in
ABAQUS may explain the slight overestimation of strain compared to the analytical solution.
Also, the ABAQUS solution includes the 3-dimensional effects of the system.
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Figure 4-31: ABAQUS Solution vs. Analytical Solution for Steel Ring Strains
4.7.5

FA2 Ring Model

First, no creep was included in the analysis to see the effect on the steel ring strains.
Because creep results in a stress-relaxation phenomenon, the analysis without creep should yield
higher stresses and compressive strains on the steel. These strains were compared to the average
experimental steel strains from both rings and were used to calibrate the creep parameters.
Temperature deformations were not included because the temperature oscillations were minimal
throughout this ring test. Both rings appeared to crack around 4.5 days. As shown in Figure 4-32,
the humidity drops severely at 4.5 days and the model captures the sharp increase in concrete
shrinkage. Figure 4-33 shows the distribution of steel ring strains using the B4 creep model. The
predicted strains are very similar to those found by using the DPL. Therefore, both creep models
seem reasonable for modeling early-age concrete.
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Figure 4-32: FA2- Steel Strain Comparison Using DPL Creep Model

Figure 4-33: FA2- Steel Strain Comparison Using B4 Creep Model
In this model, a rough friction interaction was used in ABAQUS which is identical to the
tied condition. In Figure 4-34, the difference between strains on the steel ring using different
boundary conditions is shown. The frictionless interaction results in an underestimation of the steel
ring strain compared to the experiment. Since creep was not included, the frictionless interaction
is not reasonable for this model. Thus, the rough friction interaction is used to find the creep
properties. In Figure 4-35 and Figure 4-36, the difference between the boundary conditions is
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shown. For the tied condition, there is no separation of the concrete from the steel. However, for
the frictionless interaction, the concrete separates from the steel at the top and bottom of the ring.
Physically, the boundary condition may be different depending on each ring test. This may depend
on how well the steel ring is lubricated. If certain spots of the steel ring are not lubricated well
enough, friction effects are likely to occur.

Figure 4-34: Effects of Boundary Condition on Steel Strains

Figure 4-35: Frictionless Contact Between Steel and Concrete
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Figure 4-36: Tied Condition Between Steel and Concrete
After the modeled steel ring strains matched the experimental data, the tensile stresses were
analyzed for crack potential. As shown in Figure 4-37 and Figure 4-38, the modeled stresses are
very similar between both creep models. Each of the models shows a large spike in the outer
surface circumferential stresses at 4.5 days. Because the outer surface of concrete is very sensitive
to the humidity change, the outer elements respond almost instantaneously to the humidity drop.
At the inner surface of the concrete, the response to the humidity drop is much slower and this is
attributed to the diffusion parameters of the concrete. Each of the creep models predict cracking
of the concrete slightly after five days which is reasonable with the experimental result.
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Figure 4-37: FA2- Predicted Stresses vs. Tensile Strength Using DPL Creep Model

Figure 4-38: Predicted Stresses vs. Tensile Strength Using B4 Creep Model
In addition to checking the stresses, the creep parameters obtained from the DPL analysis
were plotted for one-day loading to compare to the experimental compliance of the dog-bones.
Since the strain gages failed for the FA2 casting, the parameters were compared to the experimental
dog-bone data of the FA1 casting. Because the water-cementitious ratio and mix design of these
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batches was similar, the creep compliance is likely similar. As seen in Figure 4-39, the modeled
creep compliance is similar to the compliance obtained from the dog-bones. Even though the
model overpredicts the amount of creep, the rings are exposed to ambient environmental humidity
whereas the dog-bones are sealed. Thus, drying creep could be of significance for the rings. A
table containing the creep parameters that were used throughout this analysis can be seen in Table
4-9. The fitted B4 parameters were compared to those obtained through the empirical equations.
All of the fitted parameters were very different from the empirical equations except q1. The
empirical equations were likely developed to reflect long-term creep behavior. Thus, creep testing
is still required to determine the early-age tensile creep properties of a concrete mix.

Figure 4-39: FA2- Comparison of Experimental Creep Compliance and Modeled
Compliance
Table 4-9: FA2 Creep Parameters
DPL Parameters
φ0
0.51

d
0.61

B4 Parameters (µε/MPa)
p
0.26

q1
q2
q3
q4
q5
20.78
0.01
48.15
0.00
0.53
B4 Parameters (µε/MPa) from Empirical Equations
q1
q2
q3
q4
q5
20.78
43.70
4.25
3.70
751.17
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4.7.6

Trial FA Ring Model

Similar to the FA2 ring model, the analysis was conducted without creep to best determine
the boundary condition between the concrete and the steel. Based on the experimental strain gage
data, frictionless contact seems to give a reasonable result for the steel strains whenever creep is
neglected. Ambient temperature was oscillating in the lab room so thermal deformations of the
concrete and steel were considered. The duration for the model was 10 days for this analysis since
one of the rings cracked at 9 days. The average ring 2 strains were used to fit the creep parameters
for this analysis and this ring did not show any cracks throughout the duration of the test. As seen
from Figure 4-40 and Figure 4-41, both creep models are capable of predicting the steel strains
accurately throughout the analysis. The peaks seen in the model and in the experimental data are
due to the frequent temperature changes.

Figure 4-40: Trial FA- Steel Strain Comparison Using DPL Creep Model
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Figure 4-41: Trial FA- Steel Strain Comparison Using B4 Creep Model
After the creep parameters were found, the circumferential stresses were checked for
cracking potential. In both creep models, the stresses start to exceed the tensile strength of the
material around 8-9 days (see Figure 4-42 and Figure 4-43). Even though ring 2 did not show any
cracking during the experiment duration, ring 1 cracked at about 9 days. Given that one of the
rings cracked around the same time as the prediction, the model appears to predict cracking times
reasonably well.

Figure 4-42: Trial FA- Predicted Stresses vs. Tensile Strength Using DPL Creep Model
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Figure 4-43: Trial FA- Predicted Stresses vs. Tensile Strength Using B4 Creep Model
Comparing the compliance of the dog-bone specimen to that of the DPL creep parameters
obtained from this analysis, the model parameters seem to underestimate the creep initially and
then eventually exceed the experimental compliance (see Figure 4-44). Though the compliance is
underestimated initially, the model creep parameters seem to make a reasonable prediction for the
cracking of the rings. Furthermore, the overprediction of the compliance at later ages may be
explained by the drying creep phenomenon for the rings. Since the dog-bones are not exposed to
drying, they should have zero drying creep. The creep parameters used in this analysis can be seen
in Table 4-10. The fitted B4 parameters were compared to those obtained through the empirical
equations. All of the fitted parameters were very different from the empirical equations except q1.
Thus, creep testing is still required to determine the early-age tensile creep properties of a concrete
mix.
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Figure 4-44: Trial FA- Comparison of Experimental Creep Compliance and Modeled
Compliance
Table 4-10: Trial FA Creep Parameters
DPL Parameters
φ0
0.51

4.7.7

d
0.2

B4 Parameters (µε/MPa)
p
0.39

q1
q2
q3
q4
q5
22.43
0.014
59.2
0
15.88
B4 Parameters (µε/MPa) from Empirical Equations
q1
q2
q3
q4
q5
22.43
52.42
5.23
4.29
856.80

Slag1 Ring Model

Similar to the other ring models, the analysis was conducted without creep to best
determine the boundary condition between the concrete and the steel. When frictionless contact
was used, there was not enough pressure on the steel ring to apply creep. For this reason, the rough
friction interaction was used in ABAQUS. The average strains from ring 1 were used to find the
creep parameters. Gage 4 was not included in this average since it was not consistent with the other
strain readings. Ring 1 was chosen because it did not crack until 10 days whereas ring 2 cracked
at 5 days. As seen from Figure 4-45 and Figure 4-46, the DPL and B4 creep models can both be
used to match the experimental strain data with high accuracy. This analysis was highly sensitive
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to the temperature changes in the room, but the model can predict the strains due to temperature
very well.

Figure 4-45: Slag1- Steel Strain Comparison Using DPL Creep Model

Figure 4-46: Slag1- Steel Strain Comparison Using B4 Creep Model
Looking at the tensile stresses of the concrete, both models show that the stresses start to
exceed the tensile strength around 8-9 days. This is a reasonable approximation for the cracking
time since ring 1 cracked at about 10 days and ring 2 cracked at 5 days. Ring 2 may have cracked
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earlier due to localized variations in material properties. Also, around five days, the outer layer
stresses start to exceed 80% of the tensile strength according to the model predictions. This may
be a good indicator for cracking risk of the rings in this instance.

Figure 4-47: Slag1- Predicted Stresses vs. Tensile Strength Using DPL Creep Model

Figure 4-48: Slag1- Predicted Stresses vs. Tensile Strength Using B4 Creep Model
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Similar to the other models, the DPL creep parameters that were found were compared to
the creep compliance of the dog-bones. The dog-bones were loaded at one day and six days to
determine the creep compliance for this batch. The model tends to slightly underpredict the
compliance for both loading ages as seen in Figure 4-49. However, the shape of the compliance
curves are very close between the model prediction and the experiment. A table of the creep
parameters is shown in Table 4-11. The fitted B4 parameters were compared to those obtained
through the empirical equations. The q1,q3, and q4 terms were all relatively close, but the q2 and q5
terms were very different from the empirical equations. Thus, creep testing is still required to
determine the early-age tensile creep properties of a concrete mix.

Figure 4-49: Slag1- Comparison of Experimental Creep Compliance and Modeled
Compliance
Table 4-11: Slag1 Creep Parameters
DPL Parameters
φ0
0.51

d
0.2

B4 Parameters (µε/MPa)
p
0.36

q1
q2
q3
q4
q5
18.65
60.50
4.50
6.11
23.82
B4 Parameters (µε/MPa) from Empirical Equations
q1
q2
q3
q4
q5
18.65
141.66
6.02
6.77
534.94
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4.7.8

OPC Ring Model

In this analysis, frictionless contact was used between the steel and concrete rings. The creep
predictions were much more accurate by using this boundary condition and the cracking
predictions were more reasonable. Because the experimental strain data was consistent between
both rings, the ring 1 strain data was used to determine the creep parameters. The temperature
oscillations in the lab room were considered in this analysis. The steel ring strain predictions using
the double power law and B4 creep models are shown in Figure 4-50 and Figure 4-51, respectively.

Figure 4-50: OPC- Steel Strain Comparison Using DPL Creep Model
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Figure 4-51: OPC- Steel Strain Comparison Using B4 Creep Model
After the steel ring strains matched with the experimental result, the tensile stresses were
examined for cracking potential. In both the DPL and B4 creep models, the ring stresses exceed
the tensile strength of the concrete at 4 days. In the experiment, ring 1 cracked at 4 days as well so
the model appears to be very accurate for the OPC case. In addition to the frictionless model, the
DPL creep parameters were calibrated for the rough friction case as well. As seen in Figure 4-54,
the modeled stresses do not exceed the tensile strength throughout the analysis period. Thus, no
crack is predicted with the friction case.
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Figure 4-52: OPC- Predicted Stresses vs. Tensile Strength Using DPL Creep Model

Figure 4-53: OPC- Predicted Stresses vs. Tensile Strength Using B4 Creep Model
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Figure 4-54: OPC- Predicted Stresses vs. Tensile Strength Using DPL Creep Model (Rough
Friction Case)
Finally, the DPL creep parameters were plotted using the 1-day loading to compare to the
compliance of the dog-bones (see Figure 4-55). The creep parameters obtained from the
frictionless ring analysis underestimate the creep obtained from the dog-bone. However, the shape
of the creep function agrees well with the compliance of the dog-bones. The underestimation of
creep may be caused by the boundary condition between concrete and steel. Frictionless contact
was used throughout this analysis. If there is any friction present, this would increase the amount
pressure on the steel ring. Thus, more creep would have to be applied until the model matches the
experimental steel ring strains. As shown in Figure 4-55, when the DPL creep parameters are found
using the rough friction model, they greatly overestimate the compliance obtained from the dogbones. For this reason, frictionless contact at the boundary of concrete and steel appears to give
the most accurate solution for the OPC case. A table of the creep parameters used throughout the
analysis can be seen in Table 4-12. The fitted B4 parameters were found using the frictionless
model and were compared to the parameters obtained through the empirical equations. The q1,q3,
and q4 terms were all close, but the q2 and q5 terms were very different from the empirical
equations. Thus, creep testing is still required to determine the creep properties of a concrete mix.
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Figure 4-55: OPC- Comparison of Experimental Creep Compliance and Modeled
Compliance
Table 4-12: OPC Creep Parameters
DPL Parameters- Frictionless

Fitted B4 Parameters (µε/MPa)

φ0
d
p
0.45
0.12
0.35
DPL Parameters- Rough Friction

q1
q2
q3
q4
q5
21.20
75.00
4.50
5.50
21.18
B4 Parameters (µε/MPa) from Empirical Equations

φ0
1.30

4.7.9

d
0.12

p
0.36

q1
21.20

q2
133.49

q3
6.56

q4
7.31

q5
550.67

Interpretation of Results

As seen in this section, the models are very sensitive to creep. Other than creep, the ring
models are very sensitive to large changes in relative humidity or temperature. Poisson’s ratio and
Young’s modulus do not have as great of an effect on the steel ring strains compared to creep.
Furthermore, if the shrinkage parameters are variable, this would slightly impact the creep
prediction.
Due to the variability of the strain data from the vibrating wire strain gages, the creep
measurement from the dog-bones may not be as accurate compared to this approach. Also, dogbones were only loaded at one-day for most of the tests. This may not give enough information to
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verify that the creep compliance is the same between the ring test and the dog-bones. In fact, the
compliance should be different since the dog-bones are sealed and the rings are exposed to drying.
However, the duration of the ring tests in this study are short. Thus, the drying creep effect in this
test may not be prominent because moisture diffusion takes place slowly inside concrete.
A comparison of the DPL creep parameters can be seen in Table 4-13 for those four
different concrete mix designs. All of the creep parameters are fairly similar despite the mix
designs being different. Even though the parameters are slightly different for the two fly ash
batches, this may be explained by the slightly lower water-cementitious ratio of the FA2 batch.
Also, Figure 3-44 shows that the compliance is different for the two fly ash batches with the same
mix design. All of the DPL creep parameters fall within the ranges noted by Gao, Zhang, and Han
(2013).
Table 4-13: Comparison of DPL Creep Parameters
Batch
FA2
Trial FA
Slag1
OPC

φ0
0.51
0.51
0.51
0.45

d
0.61
0.20
0.20
0.12
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p
0.26
0.39
0.36
0.35

Chapter 5 : Conclusion and Future Work
5.1. Conclusion
As shown throughout this study, it is possible to determine the early-age tensile creep
properties of concrete containing fly ash or slag by using the ring test. By measuring the humidity
in concrete at various depths, a humidity model can be developed to simulate the moisture transfer
of concrete. The humidity model for slag and fly ash concrete was very accurate compared to the
experimental data. For either mix, the maximum difference between the modeled humidity and
experimental humidity was 1.9%. For concrete mixes containing fly ash or slag, a shrinkage model
was developed that can accurately represent the behavior of concrete prisms under various drying
conditions. Once a shrinkage model is developed for each mix, ABAQUS software can simulate
the ring test and back-calculate the tensile creep properties of concrete. Traditional methods of
using dog-bone specimens to calculate the tensile creep properties of concrete requires large
quantities of concrete and strain gages must be embedded inside the concrete. Thus, the traditional
method is very expensive compared to this indirect approach.
One of the main advantages of the model described in this study is that ABAQUS can
simulate the internal relative humidity of concrete by using the built-in thermal analysis module.
By having a finite element model for humidity, 3-dimensional drying conditions can be
investigated. This is a great advantage to verify the shrinkage model since the no-wrap prisms are
exposed to drying on every surface. The main drawback of this approach is that the temperature
field inside concrete cannot be simulated simultaneously in ABAQUS. In reality, hydration
reactions cause the temperature inside concrete to increase over time. Therefore, temperature
deformation is especially important for mass concrete structural analysis. However, for the ring
case, the specimen geometry is small enough that the temperature can be considered uniform
throughout the specimen. Therefore, ABAQUS can still simulate this ring test with high accuracy.
Based on experimental testing, the concrete compressive strength and tensile strength can
be expressed as a function of the degree of hydration. After this relationship is determined, the
modulus of elasticity can be expressed as a function of the compressive strength of the concrete.
Expressing the mechanical properties as a function of degree of hydration is simple and accounts
for any differences in the curing conditions of concrete with the same mix design.
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Regarding the ring model, the temperature deformations of concrete and steel can explain
the sharp changes in strain values observed throughout the test. Even though the temperature field
in ABAQUS is actually humidity for the current simulations, the actual temperature deformations
can be input via volumetric swelling. Using this approach, the modeled strain values capture the
effects of temperature deformations very well. Also, it appears that the boundary condition
between the concrete and steel is very important for determining the concrete stresses and creep
properties. Even though the steel ring is lubricated prior to placing the concrete, friction can still
play a role in the experiment. This phenomenon was also reported by other researchers (Šmilauer
et al. 2019). Finally, both DPL and B4 creep models that were investigated are valid for
determining the stresses in the concrete ring. The stress profiles using either creep model are very
similar and provide similar expected cracking times.
5.2. Recommendation for Future Work
 For the humidity test, it may be beneficial to attempt measuring the humidity in the
shrinkage prisms or in the ring directly. This would give a better understanding of the
humidity profile of the ring. Alternatively, it could be useful to have a separate concrete
ring free to deform. The shrinkage deformation can be directly measured from this
specimen.
 It would be beneficial to use more accurate humidity sensors to compare to the DS1923
humidity sensor. By comparing to other sensors, it would reduce any uncertainty in the
measurements.
 Experiments should be conducted to see the effect of varied ambient temperature on the
humidity profile of concrete. The current humidity model does not capture any effects of
changing the humidity inside concrete due to varied temperature effects (except for the
effect of self-desiccation which depends on the degree of hydration). This would be
especially important if the model is used for an outdoor structure.
 To improve the ring stress model, post-cracking behavior could be introduced. After the
first crack forms, the humidity distribution will be affected as well. For the shrinkage prism
model, microcracks are likely to form on the outer surface of concrete as reported by other
researchers (Grasley, Lange, and D’Ambrosia 2006).
 The current method to measure autogenous shrinkage may not be accurate enough for
early-age measurements. In the future, LVDTs should be used to continuously measure the
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autogenous shrinkage of concrete. For the high water-cementitious ratio mixes used in this
paper, the autogenous shrinkage is very small and this can be difficult to measure without
using a LVDT.
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